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ABSTRACT

Aft-end ignition experiments with heated air simulation of solid pro-
pellant exhaust were conducted to determine the post-ignition interactions
between igniter and main motor flow. The opposed, supersonic, confined
flows exhibited bimodal behavior, each mode having distinctly different main
motor unblocking characteristics. Previously reported severe oscillations
resulted from unstable separation of the overexpanded igniter nozzle flow,
principally due to alternation between the two separation flow field structures
which characterized each mode. Use of a slotted igniter nozzle successfully
modified the amplitude of the oscillations and the conditions under which the
oscillations occurred. Flow field analyses were conducted to aid in experi-
mental data evaluation and in development of design criteria.
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1.0 SUMMARY

During a previous study of the aft-end ignition of solid-propellant motors
(NASA CR-72447), severe oscillations in the interaction between the motor
flow and the overexpanded igniter flow were discovered to exist during the post-
ignition period. Nine aft-end ignition tests of a subscale (5.0 inch, 0.127 m,
dia throat) model of the 260 inch (6.6 m) diameter solid booster all exhibited
such behavior, which resulted in large-amplitude fluctuations in the motor
nozzle wall pressure distribution. Furthermore, the oscillations appeared to
provoke erratic and random unblocking and reblocking of the motor throat, thus
leading to intermittent overpressures in the motor chamber. The oscillations
were believed to be directly produced by unstable separation of the overexpanded
igniter nozzle flow.

The purpose of this program was to experimentally examine the oscil-
lations, develop techniques to reduce or eliminate the oscillations, and modify
existing analytical models to incorporate the results of the study. Design
criteria were to be developed to provide for selection of critical design param-
eters which would result in post-ignition operation without oscillations or over-
pressures, while preserving those conditions which produce satisfactory ignition.

To achieve these objectives, approximately 120 tests were conducted of
the aft-end post-ignition behavior, using heated air to simulate a solid-
propellant exhaust. The closed connected-pipe test section was constructed
to duplicate, in subscale, the critical features of the rocket motor and igniter
used in the previous program, and was incorporated into the Stanford Uni-
versity Hypersonic Wind Tunnel. This facility includes a high-pressure air-
storage vessel, gas-fired pebble-bed heater, and sound-suppression exhaust
tower. The test motor nozzle (3.0 inch, 0.0763 m. throat diameter) and
igniter nozzle were fitted with numerous static-pressure taps.

Five basic igniter nozzle models were tested at various axial locations
within the motor nozzle, over a wide span of igniter to motor chamber pres-
sure ratios. Tests were conducted with igniter both aligned and misaligned
axially, and with the igniter at far-aft conditions to simulate booster lift-off.
Additionally, several techniques were tested to stabilize the igniter nozzle
overexpanded flow separation.

Analytical models of the flow fields were developed to aid in data evalu-
ation and to support the generation of design criteria. The existing blockage
model was slightly modified.

The results of the testing and data evaluation clearly showed the exist-
ence of two distinctly different types of igniter-nozzle flow-field structures.
The first, Mode A, occurred at relatively high igniter to motor chamber
pressure ratios (PR), when the igniter flow was underexpanded or moderately
overexpanded. Mode B existed at lower chamber pressure ratios when the



degree of igniter flow overexpansion was more severe. Mode A was a stable
flow structure, and although Mode B tended to be unstable, each exhibited
regular and well-ordered motor throat-unblocking characteristics.

The severe flow-field oscillations were observed to result from abrupt
shifting of the flow field between Modes A and B when the igniter nozzle sep-
aration reached a critical position during the decay of the chamber pressure
ratio. Depending upon igniter location, the onset of oscillations produced
intermittent reblocking of the motor throat. One technique, an igniter nozzle
which was deeply slotted in the region of the unstable separation, was succes-
ful in reducing and, in some cases, eliminating the oscillatory behavior.

Within the entire range of igniter to motor chamber pressure ratio, PR,
and igniter placement, there were several regions of stable or unstable, blocked
or unblocked flow. One well-defined region exists, however, of stable, un-
blocked flow. Post-ignition operation of the system in this region can be
achieved by proper selection of the chamber pressure ratio and igniter place-
ment. Thus, oscillations and motor overpressure can be avoided, without
compromising satisfactory ignition of the motor. An example problem is used
to illustrate the recommended approach in the application of the aft-end igniter
design criteria which were developed.




2.0 INTRODUCTION

Under Contract NAS 3-10297, CETEC Corporation conducted an experi-
mental and analytical program to study and characterize several specific
features of the aft-end ignition of solid-propellant motors?, Unexpected
severe flow-field and static-pressure oscillations were discovered. This
led to the efforts reported herein, to more fully characterize and to control
these oscillations while preserving the gasdynamical and geometric condi-
tions which result in satisfactory ignition with no motor overpressure.

Head-end ignition systems, both pyrotechnic and pyrogen, have been
favored in the past over aft-end systerns2 and have performed satisfactorily
in most cases. However, in many instances aft-end pyrogen igniters are
superior in several respects, owing to their separation from the main motor:
increased reliability through redundancy and design conservatism; motor case
and grain head-end design flexibility; reduction in stage weight. However,
two potential problems have long been known to exist: long ignition intervals
and possible overpressure of the motor through aerodynamic blockage of the
motor throat. Earlier work® % 5 0 7 has shown that these problems can
be severe, but that they can be avoided by proper design of the ignition system.

The difficulties of ejecting an igniter system to prevent overpressures
of a pad-launched booster system such as the 260 inch (6.6 m) solid booster
are considerable. Consequently the previous programl was undertaken,
largely in support of the Large Solid Booster Program, to develop design
criteria for aft-end pyrogen ignition systems which would provide satis-
factory ignition without overpressures. In that program nine hot-firing tests
were conducted of a subscale model of the 260 inch (6.6 m) motor and grain
(5.0 inch, 0.127 m, dia throat, 56 inch, 1.42 m, grain length including 8-
point head-end star), and an analytical model was developed to predict con-
ditons under which the motor throat is blocked. In each of the nine tests,
severe oscillations existed in'the interactions in the motor nozzle between
the opposed igniter and main flows. These resulted in major fluctuations in
the pressure loads on the nozzle and usually produced intermittent blocking
and unblocking of the motor throat. These oscillations were believed to be
produced by inherent instability in the separation of the highly overexpanded
igniter flow. During the post-contract period, additional study revealed the
existence of at least two distinctly different flow-field structures, one of which
was generally unstable, while the other appeared to be stable over a wide range
of conditions. The evidence indicated that the most severe fluctuations occurred
when the flow alternated between the two flow fields.

This program was undertaken to identify the origins, to characterize,
and to develop methods of control of the oscillations, through a combined
experimental and analytical effort. In the interest of flexibility and economy,
the tests were conducted using heated air in an especially constructed apparatus
in the Stanford University Hypersonic Wind Tunnel Facility. Approximately
120 record tests were conducted with different igniter models, both aligned




and misaligned. Based upon the test results, the original blockage model was
modified, a new blockage model was developed for the alternate flow field,
and development of a model to predict the onset of oscillation was attempted.




3.0 TECHNICAL ACTIVITIES

The purpose of the program reported herein was to develop aft-end
igniter design criteria suitable for 260-inch-diameter type of solid-rocket
motors, through a combined experimental/analytical approach satisfying
the following objectives:

(1)

(4)

Characterization of the motor-nozzle exit-cone oscillations and
their causes.

Development of techniques to control or eliminate the oscil-
lations.

Evaluation of the effects of igniter misalignment and with-
drawal (simulation of motor lift-off during igniter operation).

Modification of analytical models to predict unblocking and
onset of oscillations.

These objectives were to be achieved by experimental study of the gas-
dynamical interactions between the igniter and main motor flows in a heated~
air simulation of the significant events (called cold flow in contrast to the
hot firings using live propellants). The facility used was the high-pressure
air-storage system, pebble-bed heater, and sound-suppression exhaust
tower of the Hypersonic Wind Tunnel Facility of the Department of Aero-
nautics and Astronautics of Leland Stanford Junior University.

The program was comprised of the following technical work tasks:

(1)

Design and fabrication of the test apparatus featuring a high
degree of flexibility to provide for a wide range of test and
instrumentation conditions and configurations.

Cold-flow testing of approximately 120 record tests, including
tests at varying positions and flow conditions of five basic
igniter nozzle configurations; several modifications to one of
these models to control the oscillations; misalignment (lateral,
angular, and combined) and lift-off simulation.

Evaluation of the test data and development of analytical model
modifications to predict the ratios between igniter and motor

total pressure for which unblocking of the motor throat and onset
of oscillations occur for given igniter configurations and positions.
The aim of this task was to develop models having sufficient gen-
erality to accommodate systems with variable gas properties, and
both conical and contoured igniter and motor nozzles.



All of the above tasks were performed by CETEC personnel, with the excep-
tion of fabrication of most of the test hardware, which was performed by
local machine shops and the machine shop of the Stanford Department of
Aeronautics and Astronautics.

A detailed description of the technical activities appears in the follow-
ing subsections and in the Appendix.

3.1 TECHNICAL BACKGROUND

The successful ignition of a solid-propellant motor with an aft-end
igniter system can be considered to have culminated when the igniter is with-
drawn or ejected from the motor nozzle (or vice versa). This can occur
either before or after the igniter has terminated its action. The following
sequence of events leading to that successful culmination is generally typical:

(1) Initiation of igniter firing when entire system is at ambient
pressure.

(2) Ignition, flame spread, and build-up of the igniter flow and
chamber pressure.

(3) Penetration of the igniter flow into the main motor cavity
where it reverses and flows out the motor nozzle.

(4) Radiative and convective heat transfer to the motor propellant
grain.

(5) Ignition of the propellant at some point on its surface.

(6) Spread of the flame over the entire propellant surface.

(7) Filling of the motor chamber and increase of chamber pressure
until the design pressure is reached. This event will generally
occur over several steps beginning with event (3).

(8) Forcing of the igniter flow back out of the motor throat and
establishment of full sonic flow in the throat (called unblocking)

at or before attainment of design chamber pressure.

(9) Interaction between the opposed igniter and motor flows within
the confinement of the motor-nozzle exit cone.

(10) Termination and/or withdrawal of the igniter.




The activities described in this report were devoted entirely to study
of the post-ignition events (8), (9), and (10). These problems are wholly gas-
dynamical in nature and were treated as such. For a review of the ignition
events and performance of igniters under a variety of conditions, the reader

is referred to the results of the previous programl.

The results of the previous program with respect to blockage and oscil-
lations, and the later interpretation of those results will be briefly described
in order to lay a foundation for the approach taken in this program. Figure 1
is a schematic of the geometric arrangement of the system. The igniter is
placed within the motor-nozzle exit cone, axially aligned with the motor. Two
nondimensional parameters have been shown to be especially significant in
describing the behavior of this system during the post-ignition period. They
are the ratio, PR, of the igniter and motor chamber pressures, and the ratio,
¢*, shown in Figure 2, of the conical annular area between the motor nozzle
and igniter exit base to the motor throat area.

~ S 777777
-
~ 7" /]

Figure 1. General Arrangement of Aft-End Ignition System

main motor

igniter

Figure 2. Epsilon Star—Igniter Placement Parameter



General Behavior

The behavior of the combined systems during the post-ignition period
appeared to be many-faceted and usually random. The discovery of the
existence of first unblocking, reblocking, oscillations, and final unblocking,
coupled with the fact that the order of appearance of these different events
varied fromrun to run, provided a good deal of speculation and confusion.

The basic instability of the overexpanded igniter-nozzle flow separa-
tion was recognized to be significant during the previous program. The
operating conditions of the system under which unstable separation occurred,
and its effect on the system, were not clearly identified at that time, however.
During preparation for this program additional data evaluation was performed,
which led to the conclusion that the behavior of the overall system was gen-
erally well-ordered and rational. It was found that the regions of blocking
and unblocking and the oscillations could be separately and clearly mapped
and that they were largely independent of each other.

Operating Maps

The blocking/unblocking and oscillation behavior of the hot motor test
system is shown in Figure 3 as a function of PR and ¢™. These plots have
been referred to as operating maps and define the regions in which specific
behavior was observed and the boundaries at which specific events occurred.

A initjal unblocking

O onset 8 r [ final unblocking

o cessation

“r 6 | continuously continuously
blocked unblocked

stable

PR - PR -
analysis
4 O O 4 F g/
unstable i
2 2 r .
intermittently
o, A / blocked
stable
0 ] ] | A ] J I ] ] 0 i L 1 i L 3 I3 /) 2
1.0 1.2 1.4 " 1.6 1.8 2.0 1.0 1.2 1.4 1.6 1.8 2.0
€ M

e
a) Oscillatory Behavior b) Blocking Behavior

Figure 3. Hot-Firing Operating Maps

There are two regions of stable operation separated by one large un-
stable region, as shown. The upper boundary of the unstable region is most
significant, the lower boundary being reached only when igniter actionis




terminated. It will be customary, in this report, to identify events and con-
ditions in terms of their appearance in the usual schedule of ignition of a
motor. The upper boundary will be referred to as the '"onset of oscillations, "
in the sense that the flow is first stable and then begins to oscillate at the
boundary as the pressure ratio, PR, is decreasing.

The blocking map of Figure 3b shows three clearly separate regions
of blocking conditions. First, there is a region at generally higher pressure
ratios and low ¢* in which the main motor flow is continuously blocked. Sec-
ond, there is a region at higher ¢™ and lower pressure ratios, for which the
flow is continuously unblocked. It is apparent that there are at least two
specific flow structures or conditions which may exist, depending upon PR
and ¢, during a time of unblocking. The upper line, which is called initial
unblocking, has its characteristic igniter/motor flow structure, while the
lower line is called final unblocking, again in terms of a decreasing pres-
sure ratio being the normal operating condition. There is a third peculiarly
shaped region in which the motor throat intermittently reblocks and unblocks.
In the third region it appears that the system is oscillating between the flow-
field structures which are characteristic of the initial and final unblocking.
The location of the unblocking predicted by the analytical model developed
during the previous program (slightly modified to incorporate measured
nozzle wall pressure distribution) is also shown in Figure 3b. The agree-
ment between the analysis and the measured final unblocking strongly sug-
gests that final unblocking occurs when the highly overexpanded igniter flow
separates within its nozzle through a normal shock. This was the major
assumption upon which the analytical model was based.

On the basis of a review of the literature8: - 10 gn severely overexpanded
supersonic nozzles, it was concluded that the instabilities of the overall sys-
tem were either triggered or more likely directly produced by inherent insta-
bilities of the igniter-nozzle flow separation. Evaluation of the experimental
data did not reveal evidence of motor instability or other flow interaction
instability originating outside of the igniter nozzle.

Method of ‘Approach

The program reported herein was undertaken with the objective of con-
firming, modifying, or rejecting the above evaluation of the behavior of the
system. Because there was evidence that several flow-field structures
might exist, the test apparatus was designed to provide for modeling the hot-
firing system in accordance with several independent similiarity or scale
factors, e.g., Mach numbers, pressure ratios, area ratios, Reynolds num-
ber effects. The flow system was designed to provide great latitude in estab-
lishing schedules for both increasing and decreasing pressure ratios between
igniter and motor, and for varying absolute pressure. The test system was
extensively instrumented with static pressure taps, affording a wide selection



of tap location and response rate to thoroughly map the steady-state and tran-
sient pressure distributions in both igniter and nozzle. It was anticipated that
study and evaluation of the pressure distributions and comparison with analyt-
ical models would reveal the nature of the most significant flow fields.

3.2 EXPERIMENTAL ACTIVITIES
3.2.1 Description of Experiment

The experimental apparatus was designed to model the aft-end igniter
and motor configurations tested during the program under Contract NAS-3-
1
10297°.

In the current program more extensive instrumentation was provided to
characterize the igniter and motor nozzle flow interaction. The effects of
variations in the igniter nozzle design parameters were studied. Motor and
igniter sizes were designed to be as large as possible within the limits of
the test facility airflow capacity.

Flow System

Design of the flow system was based upon results of trade-off studies
which considered facility constraints, modeling requirements, and costs. A
schematic of the flow system which resulted from these studies is shown in
Figure 4, The system was designed within the constraints of the facility gas
storage capacity (104 cu. ft., 2.94 m3, at 2800 psia, 19.3 MN/mZ) and the
maximum heater flow capacity (approximately 5 1b., 2.27 kg, of air/sec at
2000 psia, 13.79 MN/mZ, and 3400°R, 1889°K). It was calculated that a
total gas flow of 18 1b/sec at 1000°R (8.172 kg/sec at 556°K) would provide
acceptable model size and flow conditions within facility constraints. To
achieve these conditions, facility equipment was replumbed to accommodate
approximately a 3.4 lb/sec (1. 544 kg/sec) heater flow and a 14.5 Ib/sec
(6. 583 kg/sec) by-pass flow of cold air. The hot and cold air were mixed
downstream of the heater in a mixing chamber. Maximum temperature and
pressure conditions at the mixing chamber outlet were 1000°R (556°K) and
850 psia (5. 86 MN/mZ), respectively. Downstream of the mixing chamber
the flow was divided into supplies for the main motor and igniter. The main
motor flow was passed through a multiple-hole round-edge orifice plate. By
plugging varying numbers of holes in the orifice plate, the flow could be
adjusted to provide motor chamber pressures between 75 and 100 psia (0.517
and 0.690 MN/m?).

The igniter flow was passed through four parallel throttling valves, each
in series with a solenoid-operated flow-shutoff valve. By presetting the
igniter throttling valves and by proper sequencing of the solenoid valves
during the test cycle, a maximum of ten different total pressure ratio steps
(flow rates) could be achieved for any single test run.

10
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Figure 4. Flow System Schematic

A round-edge throttling nozzle was used in the pebble-bed heater supply
line to limit the heater flow. Mixing chamber pressure and temperature
were controlled through regulation of the cold airflow by a manually loaded
pressure regulator in the cold air leg to the mixing chamber.

A diverging diffuser section was installed downstream of the test sec-
tion flow ducting. This permitted testing at the sub-atmospheric flow duct
pressures necessary for unseparated flow in the model motor nozzle. The
diffuser section dumped into a vertical sound-suppression exhaust tower.

Thermal expansion stresses in the flow piping and ducting were mini-
mized by two high-temperature ball-joint flexures. Fore and aft movement
of the igniter within the igniter flow duct was permitted through use of a high-
pressure stainless~steel flux hose.

Figure 5 shows a picture of the mixing chamber, flow system, and test
sections downstream of the pebble-bed heater outlet,

11
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Figure 5. Experimental Apparatus

Mixing Chamber

A critical feature of the experiment design was the hot and cold air
mixing chamber. The purpose of the mixing chamber was to completely mix
the hot pebble-bed heater air with the cold by-pass air without excessive total
pressure and temperature losses. Fabrication cost constraints dictated a
fairly simple design without complex internal water~cooling passages.

The mixing chamber configuration, shown schematically in Figure 6,
consisted of four fabricated components: the main body, inlet section, mix-
ing tube, and large-volume mixing chamber. A picture of the mixer chamber
components is shown in Figure 7. Critical elements of the design were the
inlet section lip (subjected to the high-velocity heater air-gas stream) and
the mixing tube.

12
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Figure 7. Mixing-Chamber Components
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Heat transfer studies of the inlet lip configuration indicated that the lip
should remain cool enough to retain sufficient structural strength for its in-
tended use. However, the indicated safety factor was small because the
assumed heat transfer coefficients were believed to be conservative. To
guard against the possibility of error, the front face and lip of the inlet sec-
tion were covered with an insulating Zi 0p coating. This covering consisted
of an undercoating for better bonding, a coat of low-density thermospray
Zi 0p for thermal protection, and a surface coat of plasma spray Zi 0p for
erosion resistance. A coating of Zi 0, thermospray was sprayed on the
interior surfaces of the large mixing chamber weld-end cap and outlet elbow
for thermal protection.

The mixing tube was configured to mix the high-momentum hot and cold
gas streams before they expanded into the large mixing chamber. To enhance
mixing, the leading edge of the mixing tube was machined to have a scalloped
or slotted configuration, as shown in Figure 8. Each slot was 0.25 inch
(0.00635 m) deep and approximately 0.8 inch (0.0203 m) long. The clearance
from the back face of the inlet section to the forwardmost part of the mixing
tube was 0,0625 inch (0.00159 m).

Figure 8, Mixing Tubes
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The mixing-chamber assembly satisfactorily performed its intended
function throughout the test program of over 130 hot airflow test cycles.
Temperature-sensitive paint applied to the exterior surfaces of the mixer
indicated that exterior temperatures did not exceed 500° F (533°K) even at
the outlet elbow on the large mixing chamber. The mixed gas temperature
at the mixer outlet did not exceed 600°F (589°K) for normal test conditions.
Inspection of the mixer assembly after completion of the test program did
not reveal any mixer component degradation, except for sand and pebble
fragment erosion of the Zi 0, from the inlet section face and lip (see Fig-
ure 9).

Figure 9. Mixing-Chamber Inlet Face

Models

Exact modeling requires geometric and dynamic similarity between pro-
totype and model. For the aft-end experiments it was impossible to maintain
dynamic similarity between the solid-propellant prototype and hot-air model
because of differences in gas properties which define the isentropic flow
relationships for geometrically similar locations. Specifically, the over-
expanded igniter nozzle flow and shock relationships which are dependent

15



upon Mach number, static to total pressure ratio, and normal shock recovery

pressure could not be exactly modeled because of differences in the gas spe-

cific heat ratios (y).

Therefore, the model igniter nozzle designs and ex-
pansion ratios deviated from geometric similarity with the prototype igniters,

in order to obtain nozzle-exit flow conditions more closely approximating

dynamic similarity.
parameters was maintained.

Geometric similarity on the other igniter and motor

A maximum model motor throat diameter of 3.0 inch (0. 0762 m) was

established by facility temperature, mass flow, and mass capacity constraints.
A comparison of basic prototype and model dimensions is presented in Table I.

TABLE I

Model Design Parameter Comparison

Parameter
Motor

Throat Diameter - D;Ifn, in. (m)
Expansion Ratio - Ae/A;fn

Nozzle Half Angle, deg (rad)

Design Chamber Pressure, psia (MN/mz)

Igniter

Throat Diameter - D?, in. (m)

Expansion Ratio - Ae/A*i

Nozzle Half Angle, deg (rad)

Design Chamber Pressure (max), psia (MN/mz)

Prototyi)e Model
5.0 (0.127) 3.00 (0.0762)
10.0:1 7.0:1

17.5 (0.305) 17.5 (0.305)
500.0 (3. 448) 100.0 (0.69)

0.885 (0.0225)
10.0:1

17.5 (0.305)
2750.0 (18.96)

0.531 (0.0135)

6.98:1
17.5 (0.305)
650.0 (4. 48)

The test section assembly (Figure 10) included a motor chamber, a

motor nczzle, and an igniter assembly.

The igniter assembly was enclosed

within an igniter flow duct which contained the igniter and motor gases and

positioned the igniter with respect to the motor nozzle.

An access port was

provided in the duct to permit positioning and aligning the igniter.

The model motor was fabricated from steel pipe, pipe flanges, and a

flow-expander section.

The 35 inch (0.889 m) long by 5.0 inch (0.127 m)

diameter port was similar to the initial cylindrical port area of the solid-

propellant motor.

An orifice plate with nineteen 0.3125 inch (0.00794 m)

diameter round-edged orifices for choking the main motor flow was located
in between the two flanges at the model head-end.

The motor nozzle, which was fabricated from a single steel billet, is

shown in Figure 11.
totype solid-propellant motor nozzle.
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It was designed to be geometrically similar to the pro-
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Major features of the igniter assembly were the high-pressure feed
line with flexible hose, the igniter chamber, and interchangeable igniter
nozzle and exterior sleeves (Figure 12), The assembly design provided
space for installation of miniature pressure transducers and pressure lines
between the igniter nozzle and exterior sleeve and permitted the use of dif-
ferent igniter nozzle configurations. Flive basic configurations designated
as Models A, B, C, D, and E were used. Table II presents the significant
design parameters of each of these models. The Model A configuration was
also modified to test methods of nozzle oscillation control. The first method
incorporated bleed or boundary layer pressurization in the nozzle exit cone.
The two configurations used to test this method, designated as AB1 and ABZ,
are shown in Figure 13. The other method used various step configurations
designated as AS1, AS2, and AS3. These nozzles are schematically shown
in Figure 14.

TABLE I1

Igniter Design Parameters

Hot Firing Model
Prototype A B C D E°T
Throat Dia., in. 0.885 0.531 .0. 463 0.531 0.463 0.531
(m) (0.0225) (0.0135) (0.0118) (0.0135) (0.0118) (0.0135)
Exit Dia., in. 2.80 1.405 1.405 1.1875 1.256 1.405
“(m) (0.0711) (0.0357) (0.0357) (0.0302) (0.0319) (0.0357)
Expansion Ratio 10.0:1 7.0:1 9.2:1 5.0:1 7.0:1 7.0:1
Half Angle, deg 17.5 17.5 17.5 17.5 17.5 17.5
(rad) (0.305) (0.305) (0. 305) (0.305) (0.305) (0.305)
Lip Dia., in. 3.375 1.693 1.693 1.431 1.513 2.000
(m) (0.0857) (0.043) (0. 043) (0.0363) (0.0384) (0.0508)
Lip to Exit Diameter
Ratio 1.205 1.205 1.205 1.205 1.205 1.423
P./P° 0.0125 0.0125 0.00828 0.02114 0.0125 0.0125
Pg/pcl’* 0.1603 0.2075 0.1603 0.02835 0.2075 0.2075

Total pressure ratio across normal shock
% Same as Model '""A'' but with exterior sleeve

The igniter nozzle assembly was positioned within the igniter flow duct
by a clamp and T-plate arrangement which rested in a well in the bottom of
the flow duct. Curved slots were cut into the bottom of the T-plate so that it
could be rotated with respect to the motor nozzle for angular misalignment.
The base plate in the flow duct well could be moved in a lateral direction to
provide lateral misalignment. Extreme care was taken in the fabrication of
the nozzle, igniter, and flow duct components to insure proper alignment of
the igniter and motor nozzle. Four milled reference flats and tap holes
placed 90° (1.57 rad) apart were provided on both the flow duct and motor
nozzle to permit the use of depth gages in setting the igniter e™ location or
in misaligning the igniter.
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XDCR press. (.393rad)

tap plane 2.5°
.0625" 45°(.785rad)
( 00159m)
5311 L8041 8 equally

( 0135m) 041‘1’1) 1.405" spaced holes

T %—_ﬁ_‘}_m’

a) Model ABI1

(.393rad)
22.5°|  45° (.785rad)

XDCR press.
tap plane

.0625"

| *-l-‘-*(.omsf)my
W\ TZaZET

531" 2 eagn 1.405"
(.0135m) ®  (.0165m)| (.0357m)

Tt | )

b) Model AB2

8 equally
spaced holes

Figure 13. Igniter Perforated-Nozzle Configurations

a) Model ASl 0.800"D
{.0203m)

% *
Wﬁ.4 } £ 2z l'oi’].‘;D

b) Model AS2 0.800"D 1.067"D  c) Model AS3
(.0203m) (- 0271m) (.0271m)

o rrem (s

. 1.240"D
(.0315m)
(typ)

Figure 14, Stepped Igniter-Nozzle Configurations
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Instrumentation

Motor and igniter pressure taps (0. 055 inch, 0.0014 m, dia.) were
located as shown in Figures 11 and 15. Motor-nozzle pressure-tap line
lengths were approximately 3 inches (0.0762 m). The igniter pressure-tap
lines were approximately 30 inches (0. 762 m) in length in order to locate
the transducers outside of the high-temperature environment of the igniter
assembly. The length of the igniter sense lines resulted in some attenuation
of high-frequency pressure oscillations, but did not appreciably affect the
major oscillatory characteristics or phase relationships between the pres-
sure taps.

A

— \

Pllé-—:.#—:::_:_-— \

116
P17

3
Model A&E B C D
Pr17, 217, 317 | - 3.90 5.07 3.54 3.84
P118,318 2.74 3.02 2.50 2.74
P119,.319 1.82 1.51 1.64 1.81
Pii16’ 6.27

Figure 15. Igniter-Nozzle Pressure-Tap Locations

A maximum of 24 pressure measurements was available for use on any
test. Actual tap locations used during each test were varied according to
test objective. Typical measurements of each test included: motor and igniter
chamber pressure, three to five igniter nozzle pressure measurements, from
nine to twelve motor nozzle pressure measurements, and motor total tem-
perature. Igniter total temperature was measured on selected runs to com-
pare igniter and motor total temperatures.
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Temperature measurements were made with fast-response thermo-
couples, and pressures were measured with strain gage and semi-conductor
pressure transducers.

Transducer test data were recorded on an oscillograph equipped with
a direct-read recording magazine. Galvanometers which exceeded the
minimum desirable frequency response for each measurement were used.
Power amplification for six high-frequency-response galvanometers was
provided by six D. C. differential amplifiers. Transducer excitation was
provided with heavy-duty batteries.

Additional flow system measurements including mixing chamber pressure
and temperature, motor chamber pressure and temperature, and pebble-bed
pressure were recorded on a slow-speed strip chart. These measurements
were used for real-time surveillance and control of the test airflow system.

3.2.2 Testing

Test Procedure

Test procedures were established to produce accurate and reliable data
with minimum test recycle time. Data accuracy was provided by running pre-
test and post-test calibrations on all pressure transducers and thermocouples.
The strain gage pressure transducers were electrically calibrated to full
transducer scale by use of a calibration resistor in the balancing bridge cir-
cuits. The miniature solid-state transducers were placed on a pressure man-
ifold and calibrated against a standardized pressure gage. The thermo-
couples were calibrated by introducing a known millivolt electrical source
into the thermocouple fitting at the measurement location. The zero and 100
percent calibration steps obtained by these methods were recorded on the
oscillograph paper with its respective test run. The electrical calibration
of the strain gages was periodically checked by placing the transducers on
a pressure manifold which was pressurized to 25, 50, 75, and 100 percent
of full transducer scale as determined by a standardized (tested with a dead-
weight tester) pressure gage. The electrical and pressure calibrations were
then compared and appropriate correction factors were assigned to each trans-
ducer electrical calibration for the purpose of data reduction.

Test recycle time was primarily a function of the time required to regain
sufficient temperature (heat) in the pebble-bed heater and to recharge the high-
pressure storage sphere. Initial heat-up time, i.e., the time to reach a
stabilized temperature throughout the pebble bed with an indicated top bed
temperature of 3000°F (1922°K), was from three to four days. For this
reason the pebble-bed heater system was run continuously for the six- month
test duration except when shut down for emergency repairs or for testing.
During each test the temperature at the top of the pebble bed dropped approxi-
mately 400° to 500°F (478° to 533°K). Heating recovery time to regain a
satisfactory pre-test temperature of 2800° to 3000°F (1811° to 1922°K) was
approximately one hour.
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Compressor run time to repressurize the high-pressure air-storage
sphere was two hours and forty minutes with one compressor and one hour
and twenty minutes with two compressors. One of the two facility com-
pressors was inoperative with mechanical problems during a significant
portion of the test program.

All tests were conducted after 5:00 p.m. because of the extreme noise
generated by the experiment.

The igniter ¢ ™ position and alignment or misalignment were set prior
to each test. This task was accomplished by adjusting the igniter position
within the clamping and aligning devices and by verifying proper placement
with depth measurements at four locations on the motor nozzle and four
locations on the igniter flow duct.

Fach test was started by simultaneously opening the air-supply regu-
lator valves on both the hot and the cold flow legs to the pebble bed and
mixing chamber (see Figure 4). Approximately 20 seconds were required
to reach a steady-state operating pressure of 800 psi (5. 516 MN/m?) in the
pebble-bed heater and mixing chamber. Another 10 seconds under full-flow
conditions were required before the mixing-chamber temperature reached
400° -500°F (478°-533°K). At that time, the total temperature of the main-
motor gases was approximately 300°-400° F (422°-478°K). During this start-
up period the hot gases from the mixing chamber were allowed to flow through
the igniter sequencing valves as well as the main-motor valve, heating up the
hardware to temperatures approaching the gas temperature. The automatic
test sequencer was activated when the desired steady-state operating condi-
tions were reached in the mixing chamber. The test sequencer automatically
turned the oscillograph recorder to high speed and sequentially closed and
recpened the igniter throttling valves. The automatic sequence during which
test data was recorded lasted about 7 seconds with approximately 0.7 second
between successive valve opening or closing signals. During this period the
motor chamber pressure was essentially constant except for blockage per-
turbations while the igniter pressure changed plateau levels. Typical pres-
sure and test events during a test cycle are shown schematically in Figure 16.

Test shut-down was accomplished by closing the hydraulic-controlled
air-supply valve to the pebble-bed heater. Overheating of the test equip-
ment was prevented by bleeding cold air into the mixing chamber with the
manually operated pressure regulator during the hot-gas blowdown of the
pebble bed. Post-test calibrations were completed and preparations for
the next test were made.

Special Problems

Twenty tests were required to check out and calibrate the facility air-
flow system, pebble-bed heater, and instrumentation and to establish final
test procedures,
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A large throttling valve was initially used to throttle the main motor
flow. This resulted in an excessive pressure drop and the valve was
replaced by a multiple-hole orifice plate at the model motor head-end.
Cold airflow to the mixing chamber was also lower than desired because
of excessive pipe flow-pressure losses. The cold-air pressure regulator
was subsequently moved from its location adjacent to the storage sphere
and placed just upstream of the mixing chamber.

Considerable trouble was experienced with the solenoid-actuated
igniter throttling valves. Sand and dust from the pebble-bed heater fre-
quently lodged between the valve piston and body, restricting opening or
closing during the test. This problem was somewhat alleviated by cleaning
and lubricating the valves just prior to each test and by replacing the stainless-
steel valve rings with teflon rings.

Original plans called for installation of miniature solid-state pressure
transducers in the igniter assembly cavity between the igniter nozzle and
the exterior sleeve. However, problems were encountered in obtaining the
proper calibration resistor for calibrating the transducers electrically.

The hot environment inside the cavity and the requirement for adequate
cavity cooling to prevent transducer damage were also of concern, - These
problems were resolved by mounting the transducers outside the igniter flow
duct.

Test Conditions

Test conditions were varied to accomplish test objectives defined under
the general categories of (1) flow characterization, (2) oscillation-control
techniques, (3) misalignment effects, and (4) lift-off effects.

Five basic igniter nozzle configurations were used to characterize the
flow interactions in the motor and igniter nozzles. Each configuration was
tested by conducting a range of pressure ratios for selected ¢* locations
between 1.20 and 1.80. For most tests the pressure ratios ranged from a
value sufficient to cause main-motor throat blockage to an igniter-off con-
dition (PR = 0). For high ¢* values it was necessary to reduce the main-
motor chamber pressure to approximately 75 psia (0.517 MN/m?2). A number
of tests were duplicated with identical test conditions, but with changes in
instrumentation to provide more complete data than could be acquired from
a single test. Tests were also run for identical ¢™ locations, but at different
absolute motor chamber pressures to verify that the observed phenomena
were dependent only upon relative igniter to motor pressures and mass flows.

Igniter Model A configuration was modified and tested to evaluate tech~
niques for igniter- and motor-nozzle-oscillation suppression or control. The
first two techniques, using igniter Models AB1 and AB2, attempted to retard
igniter-nozzle boundary-layer separation and hence unstable nozzle flow by
boundary layer suction and blowing. A third technique used steps of varying
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sizes (Models ASI1, AS2, and AS3) to modify the igniter-nozzle flow-

separation characteristics.

Several tests were conducted at selected igniter ¢* locations and PR
values with sudden igniter termination to demonstrate satisfactory igniter
operation without motor-nozzle blockage or oscillations.

Misalignment tests were conducted to define the effects of igniter-nozzle
misalignment on motor-nozzle pressure distribution and characteristic oper-

ating conditions.

Model A tests were conducted for the lateral, angular,

lateral plus angular, and lateral minus angular geometries shown in Figure

17.

Lateral misalignments were always 3 percent of the motor throat diam-

eter (0.09 inch, 0.00229 m) and angular misalignments were restricted to

angles of 1.5 degrees (0.0262 rad).
ments only.

Model B was tested for lateral misalign-
Both models were tested over a wide ¢ and PR range.

motor
throat
igniter G, J‘ +
motor
2 ! 0.09 in.
a) Lateral ©(.00229m)
1.5°
(.0262 rad) ‘
igniter @,
\ motor G, \
b} Angular '
1.5° .
{.0262 rad) 0.09 in.
Lo (.00229m)
( igniter @, *
\ motor G, -+ *
c) Angular Plus Lateral
L. ge 0.09 in.
(.0262 rad) (-00229m)
motor G, + *
[ — igniter G z
—( . motor (
d} Angular Minus Lateral throat

Figure 17.

Misalignment Geometries

Lift-off tests were run at ¢ values from 2.0 to 3.0 (higher than those
which would generally be used for ignition) to investigate the characteristic
nozzle interactions which would occur during motor lift-off or igniter ejection.

A summary of all tests conducted, listing significant test conditions or

objectives, is given in Table III.
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TABLE III
Test Summary

*®

Date Test No. Model [ Comments
2/20 - 3/18 1-19 A 1.2 - checkout
3/25 20 B 1.82 characterization
3/26 21 B 1.65 "
3/26 22 B 1.49 "
3/27 23 B 1.32 "
3/27 24 B 1.19 "
3/27 25 B 1.24 "
4/1 26 C 1.24 "
4/1 27 C 1.36 "
4/2 28 C 1.51 "
4/3 29 C 1.67 "
4/3 30 C 1.79 "
4/7 31 E 1.21 "
4/7 32 E 1.34 "
4/8 33 E 1. 48 characterization, high motor P
4/8 34 E 1.48 " low 1
4/8 35 E 1.64 i "
4/9 36 E 1.79 characterization
4/10 37 E 1.40 "
4/10 38 E 1.40 "
4/13 39 E 1.28 "
4/14 40 A 1.31 "
4/14 41 A 1.53 "
4/15 42 A 1.61 "
4/17 43 D 1.82 "
4/17 44 D 1. 66 "
4/22 45 D 1. 50 characterization, low motor P°
4/22 46 D 1. 50 " high " "
4/22 47 D 1.36 characterization
4/23 48 D 1.20 "
4/23 49 D 1.42 "
4/24 50 D 1.55 "
4/24 51 D 1.28 "
4/27 52 ABl 1.50 osc. control, ign. cavity press 25 psia/(0.172 MN/mZ)
4/28 53 AB1 1.50 " " " " " 50 " (0.345 MN/mZ)
4/28 54 ABl  1.50 N g " wow 75 n (0,517 MN/m?)
4/29 55 AB1 1. 50 " 1 low cavity vacuum
5/6 56 AB1 1.50 " " medium " "
5/6 57 AB1 1.65 " " " i r
5/7 58 ABl 1.78 " " " " "
5/8 59 ABl  1.34 " o " "
5/8 60 AB1 1.18 " " " " i
5/11 61 ABI1 1.79 " " " " "
5/11 62 AB1 1.66 " " " " "
5/12 63 A 1.80 characterization
5/13 64 A 1.64 t
5/13 65 A 1.48 o
5/14 66 A 2.00 lift-off
5/14 67 A 2:38 treoon
5/15 68 A 3.00 toon
5/18 69 A 3.00 non .
5/19 70 AB2 1.51 osc. control, medium cavity vacuum
5/20 71 AB2 1.51 " " i " "
5/20 72 AB2  1.65 S " L " g
5/22 73 C 1.82 lift-off
5/26 74 o] 2.01 non
5/26 75 C 2.49 neoon
5/26 76 C 1.67 characterization
5/27 77 B 1. 42 t
5/27 78 B 1.59 "
6/2 79 B 1.72 "



TABLE III

Test Summary (concluded)

Date Test No. Model ex Comments

6/2 80 B 1.28 characterization

6/3 81 B 1.29 misalignment, lateral

6/3 82 B 1.45 " 1"

6/4 83 B 1. 65 " "

6/5 84 B 1.82 " "

6/5 85 B 2.01 " "

6/8 86 . A 1.20 " "

6/9 87 A 1.51 " "

6/9 -88 A 1.81 " "

6/10 89 A 1.98 " "

6/10 90 A 1. 64 " "

6/10 91- A 1.66 " angular

6/12 92 A 1.81 " "

6/15 93 A 1.50 " "

6/16 94 A 1.34 " "

6/17 95 A 1.50 " angular plus lateral
6/17 96 A 1.65 " " " "

6/18 97 A 1. 79 1 i " "

6/18 98 A 1.97 " " " "

6/19 99 A 1.97 " angular minus lateral
6/22 100 A 1.80 " " " i
6/23 101 A 1.65 " 1" " "
6/24 102 A 1.51 " " " "
6/24 103 A 1.35 " " " "
6/26 104 C 1.43 characterization

6/29 105 C 1.58 "

6/29 106 C 1.74 "

6/30 107 C 1.90 "

7/1 108 C 1.30 "

7/1 109 C 1.59 "

7/2 110 A 1.35 characterization, instrumentation changes
7/6 111 A 1.35 " " "
7/6 112 A 1.50 " " "
77 113 A 1.50 " " "
777 114 A 1.74 " " "
7/9 115 A 1.74 " " u
7/9 116 A 1.20 " " "
7/10 117 AS1 1. 50 osc, control

7/15 118 AS1 1. 64 n "

7/15 119 AS1 1.79 " "

7/16 120 AS1 1.99 " "

7/16 121 ASl 1.99 " "

/17 122 AS1 1.34 " "

/17 123 AS1 1.34 " "

7/21 124 - A 1.35 characterization, instrumentation changes
7/22 125 A 1.20 " " "
7/23 126 A 1.80 " " "
7/23 127 A 1.34 " " "
7/24 128 A 1.35 " " "
7/24 129 A 1.80 " " "
7127 130 AS2 1.49 osc. control

7/27 131 AS2 1. 80 " "

7/28 132 AS2 1. 60 " "

7/28 133 AS2 1.34 " "

7/29 134 AS3 1.50 " "

7/29 135 AS3 1.35 " "

7/30 136 AS3 1.41 " '

7/30 137 AS3 1. 65 " "o

7/31 138 A 1.34 characterization, high freq. ign. press.
7/31 139 A 1. 50 " " " i) "
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3.2.3 ' Test Results
General

Test data indicated that motor-igniter nozzle-pressure behavior could
be described, as expected, by the parameters PR and ¢*. The nozzle pres-
sures were either stable or unstable with either choked (unblocked) or un-
choked (blocked) motor-nozzle throat flow depending upon the igniter ™
location and the instantaneous value of PR. Data for Model A showing repre-
sentative aligned test results at low, intermediate, and high ¢™* values are
shown in Figures 18 through 21. Other unmodified model geometries dis-
played similar behavior with the exception that, for dissimilar igniter nozzle
geometries, the transition from one characteristic operating mode to another
occurred at different ¢* and PR wvalues.

At low e* values the flow behavior can be characterized in order of
decreasing pressure ratios as (I) initially blocked and stable, followed by
(2) blocked unstable flow, with (3) unblocking and final cessation of oscil-
lations just prior to termination of igniter flow. Figures 18 and 19 present
data from test 116 conducted at ¢™ = 1.20 over a range of chamber pressure
ratios from 5,29 to less than 1. At the highest igniter pressure (PR = 5.29),
the motor throat was blocked and the pressure in both nozzles was stable.

Following closure of an igniter flow-throttling valve, the igniter chamber
pressure decayed gradually to a new steady-state level. The igniter nozzle
pressures in turn decreased to some minimum level at which the flow at
each pressure tap began to separate in response to the relative increase in
back pressure. Motor nozzle blockage continued as indicated by the oscilla-
tory character of the motor throat tap (pl ) and the subcritical throat pres-
sure ratio. Although blocked, the motor-nozzle wall pressures were rela-
tively stable until PR = 3.09 at which point high-amplitude pressure oscilla-
tions were recorded in both igniter and motor nozzles. Two successive
periods of unstable and stable flow were observed at PR = 3. 09, indicating
marginally unstable flow conditions for that pressure ratio and e* value.
During these periods of instability, increase in the motor throat (p;,-) and
chamber (plOI) pressures indicated more relative blockage of the motor
nozzle throat through increased penetration of the igniter jet. Motor-nozzle
unblocking and final cessation of oscillations occurred after the final igniter
flow-throttling valve had been closed.

For tests of intermediate ¢™ values the motor- and igniter-nozzle flow
behavior was similar to that at low ¢* values except that the motor-nozzle
throat flow choked (unblocked) prior to the onset of oscillations. Typically
the motor throat again reblocked with oscillation onset and did not finally
unblock until a lower pressure ratio. Igniter- and motor-nozzle pressure
behavior for ¢* = 1.5 is illustrated in Figure 20.
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At high e* values the motor-nozzle throat unblocked at relatively high
chamber pressufe ratios and did not reblock at any lower pressure ratio.
After an unblocked PR range during which the flow was moderately stable,
large-amplitude igniter and motor oscillations began and continued until
igniter flow was terminated. Typical pressure behavior in the igniter and
motor nozzles and chambers is shown in Figure 21 for ¢* = 1.8,

Oscillations

Severe motor-nozzle pressure oscillations appeared only in conjunction
with similar igniter-nozzle pressure disturbances. Although it was common
for the characteristic pressure disturbances to display lateral or rotational
components, the longitudinal component in most cases was predominant.

The techiques tested to suppress or eliminate motor-nozzle pressure
oscillations were unsuccessful with one exception. Igniter nozzle Model AS3,
which contained the largest step tested, significantly suppressed the amplitude
of both igniter- and motor-nozzle pressure oscillations as shown in Figure 22.

The behavior of Models AB1 and AB2 was generally similar to that of the
unmodified nozzles. However, some atypical pressure characteristics were
noted particularily for nozzle ABZ2, which produced a bi-stable stepped pressure
fluctuation in the motor nozzle for some test conditions.

Misalignment

Simple lateral and angular misaligned tests produced data which were
nominally similar to the aligned tests. Combined angular and lateral mis-
alignment showed a tendency toward alternate asymmetrical attachment of
the igniter jet to opposite sides of the igniter wall. Figure 23 shows typical
data from a test with combined lateral and angular misalignment.

Lift-Off

Lift-off test data indicated a decrease in the motor-nozzle pressure
oscillations with increasing ¢*. At ¢* > 2.5, motor-nozzle oscillations
were not significant. Also at e*>2, 5, no motor-nozzle blockage was expe-
rienced, due to a limitation on the maximum PR which could be obtained
with the experimental apparatus.

- 3,2.4 Data Reduction

The test data were reduced to engineering values by application of
scale factors determined from pre-test and post-test calibration of each
instrumentation transducer,
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The change in ¢ value with misalignment was small. Hence for mis-
aligned tests, the e™ value was assumed to be equal to the ¢™ value for an
aligned igniter located at an equivalent axial distance from the motor throat
plane.

A principal problem in reducing the data was the difficulty in deter-
mining when the motor throat flow was unblocked, particularly at initial
and final unblocking. Previous experience indicated that the cessation of
the propagation of motor-nozzle pressure disturbances up-stream to the
motor-nozzle throat-pressure tap was the easiest and most reliable deter-
minant. However, during the current program nozzle throat oscillations
were observed to occur at all times. These oscillations appeared to be a
characteristic of the specific throat geometry (constant area section) of
the motor nozzle. It is believed that the oscillations resulted from a shift
of the choking location along the constant area section of the throat flat

in response to low-level fluctuations in the motor chamber flow.

Analysis of the oscillations indicated a change in character during
blocked or unblocked flow. When the nozzle was clearly blocked or un-
choked, the oscillations appeared to be above a constant baseline pressure
level. When the throat was clearly unblocked, the pressure fluctuated below
the apparent baseline. At initial or final unblocking these pressure fluctu-
ations changed from intermittently upward to intermittently downward. This
characteristic frequently required subjective interpretation to determine
the exact point when unblocking occurred.

3.3 DATA EVALUATION AND ANALYTICAL MODEIL DEVELOPMENT

The primary purpose of the contract effort was to develop design
criteria which could be used to design an aft-end ignition system for a
given solid-propellant motor satisfying the following requirements:

(1) Satisfactory ignition.
(2) No motor overpressure.
(3) Control or minimization of the flow-field oscillations.

The previous program was successful in establishing techniques which can
be used to control ignition characteristics. The program reported herein
was oriented entirely toward the latter two requirements. Consequently,
the development of analytical models of the flow fields occurring during
initial unblocking and at the onset of oscillations was undertaken. The goal
was that these models should be sufficiently rigorous to provide generality
for conical and contoured nozzles, different gas properties (propellant
formulations), and nozzle size.
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The existence of several characteristic flow-field structures during
the post-ignition period was confirmed. The general rationale of the
behavior of the system, as described in Section 3.1, was found to be cor-
rect. The initial and final unblocking events occurred as expected, with
flow-field structures which were peculiar to each event, as discussed in
Section 3.3.1. That type of flow field which prevailed during initial un-
blocking has been called Mode A. The Mode B of structure existed during
final unblocking. The major oscillations were identified to result from
unstable igniter flow separation, with the igniter flow field rapidly alter-
nating between Mode A and Mode B.

The flow-field models have been formulated largely through induc-
tive reasoning based upon the measured pressure distributions and the
sparce literature available on opposed supersonic flows. In a sense, the
evidence regarding the flow-field structures can be considered circum-
stantial and has required a great deal of intuitive interpretation. Because
of the time required, it was not possible to reduce and evaluate all the exper-
mental data concurrent with the experiments. However, the general behavior
and the variations of each model were evaluated currently with the tests, and
the operating maps were plotted for each test to ensure that any apparent
anomalies could be examined with additional test points. The performance
and operating behavior of the slotted nozzle configurations were also eval-
uvated on a current basis to support modifications which could result in
positive control of the flow-field oscillations.

Following completion of the test program, the data were intensively
studied and the development of the analytical models proceeded generally
in the following fashion: First, an attempt was made to construct a rational
flow-field model wich produced wall pressure distributions in the igniter and
main motor nozzles reasonably similar to the measured distributions for
specific test conditions, and then for more general conditions. However,
this was categorically and uniformly unsuccessful. In no case was it pos-
sible to build a model for initial unblocking, onset of oscillations, or final
unblocking which reproduced the experimentally measured pressure profiles,
and which satisfied the equations of conservation of both mass and momentum.
The assumptions used throughout the analytical study were, apparently, con-
siderable oversimplifications in some cases, and were dictated by the extreme
complexity of the interacting, confined flow fields, and the limited time avail-
able within the scope of the program. Furthermore, the lack of visual obser-
vation of the flow fields was a serious handicap to thorough understanding of
the flow field process.

The basic assumptions used in all of the models to be discussed later
are as follows, unless otherwise noted:

(1) Motor and igniter streams are identical gases having identical
properties and equal total temperatures.
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(2y The flows are adiabatic.
(3) Both streams are inviscid.
(4) Both streams always behave as ideal gases.

(5) The igniter-flow total pressure adjusts to the motor-flow total
pressure, which may also adjust through the bow shock, so that
the combined streams, following adjustment, are everywhere at
a uniform total pressure.

(6) The flows are axi-symmetric and without swirl or rotation
around the axis of symmetry.

(7) The flows at both igniter and motor throat are one-dimensional.

Following the initial attempt to construct reasonably rigorous models,
the second efforts were directed toward the development of analyses, which
although not correct in the sense of correlating with all the physical evidence,
at least satisfied the mass and momentum balances, and provided satisfactory
answers in terms of the physical geometric and pressure ratio conditions at
which the major events occurred.

3.3.1 General Behavior - Bimodal Operation

Biomodal operation was clearly evident for all models tested. Itis
convenient to discuss the typical behavior in terms of the PR versus g™ plots
of the combined blocking and oscillations maps (see Figure 3) as shown
generally in Figure 24.

stable,
stable continuously blocked
>
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e unblocked
PR =
=
unstable =
\;nset of
| = \030111
unstable, S 3,
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J intermittently
blocked
unstable,
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unblocked

e™

Figure 24. General Operating Map
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In general, Mode A was observed to exist and unblock at higher PR
values than Mode B. It was thus concluded that Mode A produces the greater
total pressure loss in the igniter stream. This allows the motor flow to
force the igniter flow away from the motor throat at a higher PR for Mode A
than for Mode B. Only Mode A exists at high PR, above the onset of oscil-
lation boundary, and tends to be a stable flow field. Mode B, with its lower
igniter total pressure loss, exists only at a lower PR, below the onset of
oscillations, and can itself be unstable. Below the onset of oscillations,
Mode A unblocks only to the right of the intersection of the initial unblocking
and onset of oscillations lines. In this region, the flow clearly alternates
between Mode A and Mode B. The transition from Mode A to Mode B can
cause reblocking, because the reduced igniter total pressure loss in Mode B
produces an imbalance in stagnation pressure between the igniter and motor
flows at the contact surface which forces the contact surface forward until it
interferes with the motor throat flow.

The exact structures of the two types of flow are not clear. In Mode A
it appears that the igniter flow passes through a family of oblique waves which
adjust the jet boundary static pressure to the cavity pressure and that a ter-
minal normal shock occurs at high Mach number, which adjusts the igniter
total pressure to the main flow total pressure at the contact surface. Mode B
features a one-shock system (normal or triple-point type) which produces
both the separation and total pressure adjustment. This will be discussed in
detail in the following sections, along with the constraining conditions of
igniter nozzle placement which give rise to these types of flow structures.

Operating Maps

The operating maps for the basic (aligned, non-modified) cold-air models
A, B, C, D, and E and for the hot-firing tests are shown in Figures 25 through
30. In all cases thereis a region in which the motor throat is blocked (un-
choked), then it unblocks at a high pressure ratio, remains unblocked and
stable until the onset of oscillations, at which point the throat may or may not
reblock, depending upon ¢*.

The unblocking points shown in the figures, both initial and final, were
taken to be the pressure ratio at which the last upward throat pressure spike
occurred (see Section 3.2.4 for a discussion of other criteria for unblocking).
In most cases initial unblocking was actually observed before the last upward
pressure spike. In a larger sense, and contrasted to "final' unblocking,
"initial" unblocking is really the final termination of blocking in the flow
mode which exists at that time.

Expected significant hysteresis was not observed in the tests. There
was a trend toward the major events occurring at a slightly lower pressure
ratio for decreasing igniter pressure, and vice versa, but this trend was so
fragmentary that it was considered insigificant.
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One peculiarity was noted for all cold-flow tests at and below the ¢*
where the initial unblocking and onset of oscillations occur simultanecusly.
Here the scatter is very great. Some of the data suggest that alternate
choking mechanisms and accompanying flow fields result. At any rate, the

pattern is quite perplexing and allows considerable speculation with little
rational understanding.

Pressure Distribution

Figure 3la is a plot showing the history of the wall pressure distri-
bution for Test 124 (Model A, ¢™ = 1.35) for a descending igniter total pres-
sure profile starting before initial unblocking and ending with the igniter flow
termination. Profile A is clearly before initial unblocking. Profile B is
when the average throat pressure becomes decoupled from the igniter flow,
but while the upward spikes still exist, and B' is just after the last upward
spike and the throat is clearly and finally unblocked in Mode A. Profile C
is immediately prior to the first of the oscillations. Profiles D and F are
of the same flow field as A, B, and C, taken milliseconds apart, just before
and after a transitory jump to the alternate flow field, shown by Profile E.
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Notice that the igniter flow has jumped forward toward the motor throat
with sufficient strength to unchoke or reblock the throat. At higher ™ sim-
ilar behavior exists, but without reblocking the throat.

0.8
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€>{: - 1 35 OA 5~4
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Figure 31. Typical Nozzle Pressures (Model A)

44



Figure 31b shows the igniter nozzle pressure distribution (ratio of
igniter wall static pressure to motor chamber pressure) corresponding to
the motor nozzle pressure ratios of Figure 3la. The nozzle initially flows
full at Profile A in Mode A. As the igniter chamber pressure decreases,
the nozzle becomes overexpanded, and the flow separation moves forward
toward the igniter throat. At the jump to Mode B at Profile E, the igniter
wall pressure distribution also experiences a jump, then returns to the lower
pressure level at Profile F. It should be noted that the pressure level at
Profile E is lower than that which is characteristic of Mode B, because the
oscillations selected here as an example, i.e., Profiles Dto E to F, were of
such short duration that the Mode B structure did not fully develop before
alternating back to Mode A.

Flow vField Models

It is virtually impessible to categorize and even to identify all of the
different behavior patterns and characteristic flow structures which exist in
this extremely complex and frequently unstable flow-field interaction. This
appears to be especially true in the vicinity of the intersection of the initial
unblocking and onset of oscillation lines. Figure 32 depicts the flow fields

which are believed to be characteristic of Modes A and B. These greatly
simplified models are representative of the main features of the flow fields
and do not entirely account for the interaction of the various waves within

the igniter jet. The two sketches of Mode A show different structures, which
apply to conditions of low and high igniter-nozzle static back pressures (with
respect to igniter total pressure). The key features of the flow fields are

the same, however. The total pressure adjustment to the main stream total
pressure occurs primarily through a normal shock, while the separation
adjustment to the static back pressure or cavity pressure occurs through

a different oblique wave system. These may be either expansion waves

when the nozzle is underexpanded or shock waves from the lip or within the
nozzle when it is overexpanded. This is in distinct contrast to Mode B in
which the flow both separates and adjusts total pressure through a single
normal shock. These flow fields, and the conditions during which they occur,
will be discussed in greater detail in following subsections.

It is emphasized that blocking associated with the flow fields pictured
in Figure 32 occurs from the gasdynamic constriction in the nozzle exit cone,
in the absence of penetration of the motor throat. This happens at relatively
high ¢* values where there is room for the igniter flow to adjust. At the
lower ¢* values, however, there is considerable evidence to indicate that
penetration of the motor throat plane by the igniter jet accompanies the
second constriction of the main flow in the nozzle. In this situation it is
believed that viscous interactions between the streams become more
significant.
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(a) Mode A, Igniter underexpanded

(b) Mode A, Igniter overexpanded and separated

(c) Mode B, Predominantly normal shock

Figure 32. Representative Flow Fields

3.2 Initial Unblocking

There are several factors which aid in understanding and simplify the
modeling of the initial unblocking event, in contrast to the other events:

(1)

(2)

(3)

The flow condition is stable (except for the small-scale motor-
throat oscillations previously discussed).

At the moment of unblocking the main-motor flow suffers no
significant total pressure loss because the interactions are near
the throat and the Mach number of the stream is everywhere
near sonic.

At the high ¢* values the igniter nozzle flows full, so that the
total pressure adjustment of the igniter flow occurs wholly
outside of the nozzle.



For most of its span, the initial unblocking line is regular and nearly
linear, even though the igniter flow in Mode A transitions from underexpanded
at a high ¢*, to overexpanded at a lower ¢®. Therefore, it was decided to
model the high ¢* condition as being the most straightforward and repre-
sentative of the whole ¢ span of initial unblocking.

In the absence of visual observations of the interacting flows, the
modeling is based upon the measured pressure distributions in the motor
nozzle and upon the work of Charwatl! with opposed unconfined super-
sonic streams.

Nozzle Pressure Distribution

Figure 33 is a plot of the nozzle-pressure distributions for Test 42
(Model A, ¢™ = 1. 62) spanning the initial unblocking event. The throat is
clearly blocked, or unchoked, at Profile A. The pressure ratio is greater
than 0.6, and it increases to 0. 73 at tap 9, being obviously subsonic. Pro-
file B is also subsonic, but the pressure ratio is slightly reduced. It appears
that the choke point for these flows is in the area of tap 10, where the pres-
sure ratio is approximately 0.528. Profile C shows a change in pressure
distribution, with the pressure ratio at tap 8 slightly below that at the throat.
This suggests that the throat flow is choked, but only partially in the sense
that it could be choking only during the lower portion of the minor throat-
pressure oscillations discussed in Section 3.2.4. Furthermore, the pressure
at tap 9 is greater than at the throat, indicating that the flow has passed
through another sonic point, and passes through yet another throat in the
vicinity of tap 10. Profile D progresses in the same fashion, with the second-
ary throat near tap 10 being of nearly equal effect (equal area) to the geo-
metric motor throat. At Profile (1), the motor throat flow appears to have
been stabilized, with the throat pressure ratio having reached a lower limit-
ing value. Also, the pressure ratio at points downstream equals, but never
exceeds, the pressure ratio at the throat. Therefore, the secondary throat,
generated by gasdynamical constriction of the main stream against the nozzle
wall by the igniter flow field, is of equal effect on the flow as the motor throat.
As the igniter flow continues to tail off, in the absence of oscillations, the
motor throat is now independent of the opposed flow interactions and the con-
stricting effect of the igniter jet. Profile (1) is the initial unblocking point
selected from examination of the traces, using the criterion previously
described, that final unblocking occurs when the upward throat pressure
spikes have ceased to exist. Note, however, that the actual pressure ratio
is about 0. 55, instead of the theoretical value of 0. 528. It is the rule, rather
than the exception, that frequently there is considerable disagreement in the
unblocking pressure ratios selected by use of the various criteria. Usually
the disagreement is not significant, but it occasionally is, making inter-
pretation of the data difficult.
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Test 42, € = 1.62

Profile PR

O A 5.85
O B 5.81
O C 5.72
A D 5.54
® (1) 5.51
B E 5.

Xm/rmt

Figure 33. Initial Unblocking Pressure Distribution

Figure 34 shows the nozzle pressure-ratio distributions for all of the
cold-flow models at initial unblocking points selected from the pressure
spike criterion. The most important feature of these plots is the relative
constancy and uniformity of the pressure distributions for all models and
all ¢™ values greater than about 1.5. This strongly indicates that, at least
for the higher ¢™ values, the flow at the termination of initial blocking is
characterized by the double throat system described in the previous para-
graph, and with the qualification that the throats are of equal area (in the
absence of main stream total pressure loss). Additionally, from the constant
axial position of the distributions, and hence the second choke point, it can
be assumed that the flow fields from the throat to the contact surface with
the igniter flow are nearly jdentical for all models and all e* greater than
some lower limit around 1.50. It is also worthy of note that the pressure
is nearly constant between the throats.
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Flow-Field Model and Analysis

In accordance with the above observations and interpretations, a model
of the flow-field structure has been proposed and used as the basis for the
analysis of the initial unblocking event. The general features of the model
are as shown in Figure 35. The main flow issues from the throat, which is
sonic, and passes through the second throat formed by the contact surface
and the nozzle wall. The igniter flow issues from the jet exit, flowing full
and undisturbed. It then passes through a normal shock sufficient to adjust
the total pressure to the main flow total pressure, turns subsonically to the
sonic point, and continues to expand supersonically. The behavior of the
igniter jet is generally modeled after the observations of Charwat!!l of super-
sonic jets issuing into a counterflowing supersonic stream.
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Figure 35. Analytical Model—Initial Unblocking

In addition to the assumptions listed at the beginning of this section
which apply to all the analytical models, the following are key features of
the initial unblocking model:

(1) The igniter flows full at its exit and issues as source or radial
flow which persists until the normal shock (within the portion
of the jet which is undisturbed by expansion or compression
waves from the nozzle exit).

(2) The igniter flow adjusts to the total pressure of the main flow
through a single normal shock. Even though the Mach number
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of the stream is not uniform, owing to expansion or compression
waves entering into it from the jet exit, it is assumed that the
effects of such non-uniformity on the total pressure are negligible.

(3) Regardless of flow structure between motor throat and contact
surface, the nozzle wall pressure between the motor throat and
secondary choke point is constant and equal to the theoretical
critical pressure.

(4) The total pressure of the main stream in the nozzle is constant
and equal to the chamber total pressure.

(5) The flow at the secondary choke point is not parallel to the nozzle
wall, but rather the streamlines follow a family of hyperbolas
satisfying the condition that, at the sonic point, the derivative
of the area of each stream tube along its flow direction is equal
to zero.

(6) The igniter normal shock is planar out to a radius equal to the
jet exit radius, whence it follows a circular arc whose center
is the jet exit lip.

(7) The free subsonic boundary of the jet, behind the shock wave
intersection with the boundary, may undergo a turn of finite
radius, without a change in pressure along that free boundary.

Additional details of the model and description of the analysis are given
in the Appendix. The calculations are performed by setting the desired geo-
metric variables, including e”.

A trial PR is selected and the location of the shock and its shape are
calculated, followed by selection of a trial cavity pressure. The free bound-
ary is determined, along with the area of the secondary throat. The cal-
culation procedure is repeated, iterating on both PR and the cavity pressure,
until the conservation of mass and momentum and the condition of sonic flow
at the secondary throat are simultaneously satisfied.

Three variable factors were used to adjust the calculated results to
achieve the best correlation with the experimental results: the radius, R,
of the subsonic turn; a multiplier on x4}, to adjust the shock standoff dis-
tance; and a multiplier less than 1.0, to account for loss of axial momentum
at the second throat due to swirl of the flow field about the axis of symmetry
or to other non-normal inclination of the flow direction to the surface, S.

Correlation of Analytical Results with Experimental Data

In general, agreement between the analysis and the experimental results
is good. Figure 36a shows a comparison between the experimental data of



Model A and calculated points. Two sets of test data points are shown. One
set represents the termination of the initial blocking points, while the other
set consists of the points at which unblocking, even though temporary, first
occurs., It appears that, for ¢™ greater than 1.4, the initial unblocking pres-
sure ratios may be approximated by a straight line, and that neither the
scatter nor the difference between the two sets of data is great. However,
at lower ¢* values, the behavior appears to be different, probably resulting
from an altered flow structure. Analytical data are also shown generated
with the combination of factors which gives the best correlation with the map
of Figure 36a and also with the cavity pressure. The values of these factors
are:

R =0.1 Die
Shock standoff factor = 1.5

Secondary throat momentum factor = 0.95.

The individual effect of these parameters is shown in Figure 37.
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Figure 36. Comparison of Initial Unblocking Analysis and Experiment
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The only one which produces a significantly altered slope of the curve
is the shock distance factor.

The reconstructed flow fields for ¢ of 1.5 and 2.0 from the curve of
Figure 36a are shown in Figure 38. Note that, although the shock standoff
distance adjusts as ¢™ varies, this adjustment is insufficient to keep the
secondary throat position the same for all ¢*. This is a slight departure
from the experimental results as shown in Figure 34a.
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Figure 38, Calculated Flow Fields at Initial Unblocking, Model A

A comparisonis shown in Figure 36b through f between the transposed
experimental data and analytical results, using the same factors enumerated
above for all other models. Correlationis good for Models C, D, and E.
Both the slope and position of the curves agree. However, the slope of the
curves for Model B and the hot-firing (HF) test are considerably incorrect.
The only difference between Model B and Model D is the igniter-nozzle
expansion ratio (9.2 and 7.0, respectively). The HF model has an even
greater expansion of 10.0, but also has greatly different gas properties
(v = 1.18 vs 1.4). It appears likely that the effect of gas properties is less
than that of igniter expansion ratio because of the behavior of Model B
(v = 1.4). Therefore, it seems that the analytical model becomes less valid
at some g; greater than 7.0. An attempt was made to correct this deficrency
by incorporating a curved jet boundary consistent with the data of Love, et
al. °%. However, wide variations in the radius of curvature of the boundary
produced an effect only on the cavity static pressure, but not on the unblocking
pressure ratio.

It is believed that a better definition of the centerline igniter Mach
number distribution would improve the validity of the model at the higher
expansion ratios. Also the assumptions of the shock shape and uniform total
pressure distribution are obviously contradictory. However, time allowed
within the program did not allow for even superficial evaluation of these
factors or others which perhaps could also result in the error noted.



3.3.3 Final Unblocking

Studies were conducted to update-the final unblocking model developed
under Contract NAS-3-10297. That unblocking model was based upon a mass
and momentum balance for a control volume similar to that shown in Figure
39. The model featured a single normal-shock igniter-flow separation and
total pressure adjustment mechanism (Mode B) and predicted initial un-
blocking PR values which agreed reasonably well with experimental data.
There was disagreement between-assumed model control volume boundary
conditions and corresponding experimental values. Initial efforts during
the current program were directed toward changing the previous model by
incorporating more accurate boundary conditions. This included more
accurate modeling of the igniter-nozzle shock configuration and the use of
experimentally derived motor-nozzle pressure distributions.

i JPie dAj, «“
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Figure 39. Final Unblocking Control Volume

The initial modeling efforts were not successful because of an inability
to accurately define conditions at the slant area. Analysis indicated that the
slant momentum vector contained a significant component not normal to the
slant area. Studies to analytically model the slant area flow did not provide
results which could be rationally justified with the limited motor- and igniter-
nozzle pressure data.



Subsequent studies were directed toward modifying the previous model
by using more nearly correct igniter pressure and momentum terms. This
modified model provided a conservative approximation of the unblocking pres-
sure ratios for all cold-flow model configurations and the solid-propellant
motor data. However, there were disagreements between the experimental
and model boundary values for some conditions. The fact that the model did
give approximately correct values is attributed to the fact that: (1) gross
features of model in general agreed with the experimental results, (2) the
model was internally consistent, and (3) failures to exactly model conditions
at one control volume boundary were off-set by a compensating error on
another boundary.

The following sections present observed experimental conditions at
final unblocking and an analysis of the modified final unblocking model.

3.3.3.1 Flow-Field Analysis

Igniter Nozzle

Final unblocking occurred at relatively low pressure ratios after a
period of unstable flow during which the motor alternately unblocked in
Mode A and reblocked in Mode B. Figure 40 presents typical igniter nozzle
pressure data at the point of final unblocking (Mode B) for ¢™ locations of
1.20, 1.35, and 1.50. Figure 41 shows three distinct flow structures which
are believed to correspond to the pressure distributions at these ¢™ values.
For low ¢* values (1.20) the igniter throat was either choked or unblocked
with subsonic flow separation. For this case the required igniter total pres-
sure loss occurred through viscous mixing. For intermediate ¢™ values
(1.35) a strong shock exists within the igniter exit cone with flow separation
immediately downstream of the shock. At high ¢ locations (1.50) it appeared
that a triple-point shock or similar configuration exists.

Motor Nozzle

Motor-nozzle wall pressures were in an oscillatory state at the time
of final unblocking. Consequently the pressure distribution corresponding
to the limiting unblocking mode was difficult to select. Figure 42 presents
pressure data for three ¢™ values. The only significant feature of these
profiles was the fact that the slant area exhibited a sonic or nearly sonic
pressure ratio for all e,
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Analytical Model

The analytical model was based upon a mass and momentum balance
taken on motor and igniter control volume as shown in Figure 39. Assump-
tions made in constructing the model were:

(1) Flow entering and leaving the control volume may be described
by axisymmetric and isentropic flow relations.

(2) Pressures are constant across main-motor throat and slant area.

(3) Pressure distribution along the main-motor exit cone assumes a
parabolic shape.

(4) Any main-motor flow shocks occur at sufficiently low Mach
numbers so that the total pressure losses may be neglected.

(5) A normal shock occurs within the igniter-nozzle exit cone at
an approximate igniter jet area such that the igniter total pres-
sure is equal to the main motor pressure.

(6) The igniter flow separates immediately after the normal shock
and it may be described by a constant area stream with con-
stant boundary pressure.

(7) Pressure forces across igniter exit are constant across the
stream tube and are parabolic in shape from the stream tube
to the igniter lip.

(8) The slant area flow is full and supersonic.

To establish the applicability and accuracy-of this model, it is neces-
sary to first compare model predictions with experimental results and
finally to compare the model with experimental data to find out the degree
of agreement of the basic assumptions.

Compa.rison of predicted model values with experimental results with
the cold-flow tests indicated good agreement for low ¢ values, with less
accuracy at intermediate and high ¢ * values, as shown in Figure 43.

This behavior of the analytical model holds for all the igniter models.
Comparison of the model with solid-propellant motor data revealed a con-
servative prediction with a moderate disagreement for all ¢* values.

Model assumptions which exhibited the greatest disagreement were the
motor nozzle pressure distributions and the igniter nozzle pressure and
momentum distribution terms. The motor wall pressure integral in all cases
was lower than the experimental values. However, this error was probably
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offset by a compensating error in the slant area momentum term which was
necessary to obtain mass and momentum balance. The model igniter shock
configuration agreed fairly well with the experimental values at moderately
low and intermediate ¢* values. However, at high €* locations experimental
data indicated that a triple-point shock structure probably existed instead of
modeled normal shock. This is probably the reason for the major disagree-
ment between model and experiment at high ¢* values.
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Figure 43. Comparison of Experiment and Analysis in Final Unblocking
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3.3.4 Oscillations

The data evaluation and analytical modeling of the oscillatory behavior
were oriented toward achieving two specific goals: determining the PR and
¢™ conditions and flow-field structure which produced the onset of oscilla=-
tions themselves and their effects on the motor-nozzle pressure distribution.
Two types of oscillations were found to exist. Major oscillations occurred,
as have been previously described, as the result of alternation between two
distinctly different flow fields, Modes A and B, and variations of these types.
Secondly, minor oscillations were frequently, although not always, observed
early in the post-ignition period. Eiforts were concentrated almost entirely
on the major oscillations and the conditions under which they develop.

It appeared that the major flow-field oscillations were produced by
inherently unstable separation of the overexpanded igniter nozzle flow.
Consequently, the major emphasis was placed upon evaluating and modeling
the igniter nozzle flow, independent of the nozzle flow field and the inter-
actions between the two. ‘

The first attempt to identify the igniter flow-field structures just before
and during the oscillations was to construct flow-field models which produced
the observed igniter-nozzle pressure distributions and the associated PR
values. This approach failed, universally, apparently because of the simpli-
fying assumptions which were required.

The second approach was to develop a series of three different types
of separation and total pressure adjustment models whose general behavior
under varying conditions could be compared with experimental results. This
approach was successful, to the degree that the flow field qualitatively
behaved in a fashion similar to that of the Mode A model before oscillations.
During oscillations, the flow field alternated between the Mode A type (oblique
shock) and the Mode B structure behaving more nearly like a typical normal
shock with or without lambda feet.

Modeling of the overall motor-nozzle flow field was unsuccessful,

apparently because of insufficient knowledge of the combined flow conditions
in the slant area.

3.3.4.1 Analysis of Experimental Data

General Characteristics

The igniter- and motor-nozzle pressure oscillations were generally
similar in'nature for all igniter model configurations. The minor oscil-
lations were characterized by moderate motor-nozzle pressure oscilla-
tions with basically stable igniter nozzle flow. The major oscillations were
characterized by high-amplitude pressure oscillations in both igniter and
motor nozzles.
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Igniter-nozzle pressure oscillations during periods of unstable sepa-
rated igniter-nozzle flow were predominately longitudinal in character.
However, lateral and rotational components were often noted, especially
during misalignment tests. Motor-nozzle pressure oscillations appeared
to result from response of the motor-nozzle flow field to the pulsating move-
ments of the igniter jet. Like the igniter nozzle, the predominant oscilla-
tions were longitudinal in nature with some asymmetric behavior.

The minor nozzle pressure oscillations were not always observed and
then only before the onset of (major) oscillations. The amplitudes were
largest when the motor nozzle was blocked. After initial unblocking, the
motor -nozzle oscillation amplitudes were attenuated and sometimes ceased
altogether before the onset of oscillations. The igniter-nozzle flow varied
between full and stable, separated and stable or separated and stable with
occasional moderate perturbations. Because of the random existence of
the minor oscillations and their relative insignificance, with respect to the
major oscillations, they will not be discussed further. All references to
oscillations will be understood to mean major oscillations unless otherwise
noted. References to stable or unstable flow will mean operation either
without or within the region of major oscillations, respectively.

The time-dependent behavior of the (major) oscillations was signifi-
cantly affected by the level and rate of decay of PR. When the PR reached
a plateau level at the oscillation onset boundary, or was decaying slightly,
the pressure oscillations were intermittent. Sometimes this intermittency
was characterized by momentary unstable pressure pulsations and at other
times by alternate periods of stable and unstable flow. (See Figure 18.)
When the igniter chamber pressure decayed into the region of unstable PR,
the oscillations were continuous. The magnitude of the oscillations were
proportional to the PR, i.e., for relatively stronger igniter flow fields
the oscillations were larger in amplitude. Typical continuous oscillations
are shown in Figure 20.

3.3.4.2 Igniter-Nozzle Flow-Field Analysis

Igniter Nozzle Pressure Distribution

Typical igniter-nozzle wall-pressure distributions at various igniter to
motor pressure ratios are shown in Figure 44 for Model A. At the highest
pressure ratio of 5. 09 the nozzle was flowing full. As the pressure ratio
(igniter chamber pressure) decreased, the igniter nozzle flow became more
overexpanded and began to separate. The separation point moved progres-
sively upstream to lower nozzle area ratios until it reached the last stable
pressure profile at PR = 2.66. After the onset of oscillations the pressure
profiles appeared to oscillate between two extremes as illustrated by the
two different pressure distributions at PR = 1.59. The lower pressure-
distribution curve at PR = 1.59 corresponds to supersonic pressure ratios
while the upper curve is predominately subsonic.
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Figure 44. Igniter-Nozzle Wall-Pressure Distributions

The igniter-nozzle pressure distributions did not agree with the mono-
tonically increasing wall pressures after separation which are normally
expected of overexpanded conical nozzles8 9 10, 13, Attempts to identify
igniter flow fields which would produce these typical pressure distributions
were not successful. These unusual distributions probably result from dis-
tortion of the igniter flow field by the external flow-field structure and pres-
sure field, or by oscillations of such high frequency that no flow field could

develop fully.

Igniter-nozzle pressure-ratio distributions for various ¢* locations

at the onset of oscillations are shown in Figure 45 for Models A through E.
These data indicate that at the onset of oscillations the igniter-nozzle pressure-
ratio distribution for a given model is independent of ¢* location. This pres-
sure profile uniformity indicates that the igniter-nozzle flow field within the
nozzle is identical for all ¢* locations, and suggests that the external igniter
jet flow shape is likewise constant. In this eventuality the change of PR for
onset of oscillations with ¢* would depend only upon the motor total pressure
adjustment across the igniter bow-shock, assuming that the contact surface

position is fixed with respect to the igniter.
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Igniter Flow Field Structure

The initial approach to reconstruct the Mode A and B flow fields from
the experimental wall-pressure distribution failed because of an inability
to define the igniter-nozzle flow separation point and flow-field total pres-
sure loss. A second approach was the selection and analysis of three
plausible flow fields from other separated nozzle flow studies. The three
configurations studied were (1) a normal shock, (2) a triple-point shock,
and (3) an oblique shock with a regular reflection terminating in a normal
shock. The modeled flow fields corresponding to these three shock structures
are shown in Figure 46.

Normal shock
separation

Oblique shock
Triple point separation
shock separation N T —

<~ °F

——

Figure 46. Igniter Flow-Field Models

In constructing the analytical models it was assumed that the nozzle
flow field could be described by theoretical inviscid isentropic and shock
relationships. Further assumptions which were consistent with observed
nozzle wall pressure data were:

For normal shock

The igniter flow separates immediately after the normal shock and
flows parallel to the nozzle axis.

For triple-point shock-—
(1) The shocks are straight.

(2) The static pressure downstream of the second oblique shock is
equal to the static pressure downstream of the normal shock.

(3) The flow direction downstream of the second oblique shock is
parallel to the streamline passing through the triple-point.



For oblique shock—
(1) The shocks are straight.
(2) The oblique shock reflection is regular.

{3) The terminal normal shock occurs at the Mach number of the
flow immediately downstream of the reflected shock.

Two parameters were used to assign numerical values to each flow-field
structure study. These were the static wall-pressure ratio across the sep-
aration point and the igniter total pressure loss across the modeled igniter
shock structure at the nozzle axis.

Results of the parametric study for the three shock configurations are
plotted in Figure 47 as a function of the two characteristic pressure-ratio
parameters. The locus of states for the normal shock and triple-point shock
configurations each represent a unique solution for separation at a given
nozzle area ratio. KEach curve for the oblique shock configuration repre-
sents solutions at a distinct separation area ratio, but for varying initial
oblique shock turning angles. These oblique shock curves in turn define
two constraining boundaries. The first is the locus of conditions for which
the oblique shock becomes a Mach line at the nozzle center line and beyond
which the model has no solutions. The second corresponds to the limiting
conditions at which the initial oblique shock becomes a strong shock.
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Figure 47. Igniter Flow-Field-Model Operating Characteristics
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The igniter flow models were evaluated by comparing experimental data
with the three theoretical shock configuration solutions. The experimental
points were chosen for a low ¢* position to avoid accounting for the total pres-
sure loss across a main flow bow-shock. At low ¢™* values the motor-nozzle
flow upstream of the slant area remains subsonic so that with the exception of
viscous losses the igniter to motor chamber pressure ratio should be approxi-
mately equal to the reciprocal of the igniter jet total pressure recovery.
Experimental points selected for Model D at ¢¥ = 1.35 are shown in Figure
48 for continuously decreasing PR. The igniter flow is stable for points
DO1l, DO2, and DO3, with point DO3 being the last condition for which the
flow is entirely stable. Points DN1, DN2, DN3, and DN4 are a sequence
of points taken at the peaks of the igniter-nozzle pressure oscillations, based
upon P11g8. Conversely, points DO4 through DO7 are taken at the valleys
of the oscillations, where the flow appears to return to the flow mode which
existed before the oscillations began.

7 The wall-pressure ratio versus PR of these data, along with data from
Model A, are plotted in Figure 49 with the theoretical curves of Figure 48.

The bimodal nature of the oscillations is clearly evident. The behavior
of the flow leading to and during the oscillations is apparently as follows:

(1) Although only one point, DOI1, is shown on the figure, Curve I
is the locus of states during separated operation in Mode A at
high PR. The points progress upward along Curve I until they
reach Curve II.

(2) Upon reaching Curve II, which apparently is the limiting con-
dition that the oblique separation shock degenerates to a Mach
wave at the centerline, the points then move to the left along
Curve II.

(3) After passing through point DO3, the flow jumps to the condi-
tions represented by point DN1 on Curve III.

(4) As PR continues to decrease, the flow alternates between Curves
II and III. '

(5) Curve II', upon which the left-most point lies, has been drawn
as separate from Curve II, and as such, could represent a shift
to the alternate limiting condition of the multiple-shock con-
figuration, indicating that the oblique shock is strong rather
than weak. However, it is equally possible that Curve II'is an
extension of Curve II.
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Although the experimental and theoretical loci do not coincide exactly, the
general agreement is another piece of evidence to show that two different

flow modes exist.
igniter flow fields are

Also, this agreement indicates that the actual and modeled

similar in their essential features; i. e., that the Mode

A flow field corresponds to a multiple oblique-normal shock configuration
and Mode B corresponds to a normal shock structure or variations thereof

(lamda feet,

triple point,

etc).
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Figure 49. Comparison of Experimental and Theoretical Loci
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While the data presented in Figure 49 does not prove the exact con-
figurations of the oscillatory igniter jet flow fields, it supports previous
conclusions that two distinct (Mode A and Mode B) flow structures exist and
that the onset of oscillations represents the limiting conditions for which
an oblique Mode A shock strucuture is the preferred stable configuration.

It is possible that continued studies using the available nozzle pressure data
might finally lead to some quantitative agreement between model and data.
However, this would not necessarily confirm that the model configuration
actually conformed to the physical flow field and that the agreement in
modeled and physical results would extend to solid-propellant motor con-
ditions. For these reasons it is believed that the oscillation onset condi-
tions cannot be modeled (excepting experimental correlations) without flow
visualization studies.

3.3.4.3 Motor-Nozzle Flow-Field Analysis

Motor-Nozzle Pressure Distribution

The motor-nozzle pressure distribution just prior to the onset of
oscillations depend upon the igniter model configuration and ¢* location.
For a given configuration at low e™ values, peak pressures approximately
equal to the throat pressure occurred well forward in the nozzle. The
amplitude of the peak as well as the location moved downstream as the
igniter ¢™ location was increased (see Figure 50). Lesser pressure vari-
ations were noted for different models at equivalent ¢* locations as shown
in Figure 51 for ¢* = 1. 5. The decreasing peak pressures correlated with
decreasing values of the igniter nozzle lip diameter.

A non-dimensional nozzle pressure integral (just prior to the onset
of oscillations) taken over the nozzle surface to the intersection with the
slant area was found to be a continuously smooth function of ¢* for a given
igniter-nozzle configuration. However, the pressure integral at a given e*
location was found to be significantly different for different igniter models
as shown in Figure 52. Thus, it appears that it will be difficult or impos-
sible to generalize the nozzle wall pressure integral.

Motor-nozzle pressure distributions after the onset of oscillations
were cyclical in nature. Oscillations with the largest amplitude appeared
to occur at moderate ¢ values (approximately 1.5). Data showing the
pressure distributions corresponding to maximum, minimum, and interme-
diate peak pressures are shown in Figure 53 for ¢™ values of 1.35, 1.50,
and 1. 80, respectively.
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Figure 50. Motor-Nozzle Pressure Data at Onset of Oscillations
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Motor Flow-Field Structure

Limited studies were performed to investigate essential features of
the motor-nozzle flow field needed for analytical model development of
oscillation onset. Features studied were the motor total pressure loss at
the axis and the slant area flow properties. The slant area flow properties
will be discussed under Section 3.3.4.4, Analytical Model studies.

Any satisfactory analytical model for a given igniter geometry and
location must relate the oscillation onset conditions to PR. A necessary
relationship which must exist is the equality of igniter and motor total pres-
sure at opposite sides of the slip surface along the motor axis. If PiOZ and
sz are the igniter and motor total pressures at the slip surface along the
axis, then:

0/p0

PR - P /PiZ

0 0
Pm/PmZ

The equality of the normalized igniter-nozzle pressure distribution
and igniter flow field at the onset of oscillations would imply that Pg/P?Z
is constant and independent of ¢™ location. If the constant value of
PiO/piOZ can be found for a given geometry, then the solution of an analyt-
ical oscillation onset model would be reduced to defining the loss in motor

total pressure along the axis to the slip-surface stagnation point.

The constant igniter total pressure loss ratio, PiO/PiOZ' can be approxi-
mated by examination of experimental data at low ¢* values. If the motor
nozzle is blocked, then the motor %ow is subsonic and except for viscous

0 - pod 0/p0 - 0
losses, Pm =P o and Py /Prn = Py /PiZ‘

The motor total pressure loss along the axis can then be approxi-
mated as a function of €™ by:

(1) Assuming that the igniter flow-field distance to the slip surface
is independent of ¢* and that viscous motor-nozzle viscous
total pressure losses are negligible.

(2) Determining this constant axial-igniter jet-slip-surface
distance and bow-shock standoff distance.

(3) Assuming that, at each e location, the motor total pressure
loss is equal to the bow~shock loss. The bow-shock loss is cal-
culated after determining the shock axial position and centerline
Mach number from the known shock standoff distance.

This method of determining the motor total pressure loss was evalu-
ated by utilizing experimental data to calculate igniter total pressure loss
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and the bow-shock standoff distance. The resulting determination of
igniter to motor chamber pressure ratio at the onset of oscillations for
Model A is shown in Figure 54. Good agreement with the experimental data
is observed for low ¢* values with increasing divergence of results for
increasing ¢®, Part of the disagreement at high c¢* values resulted from
the simplifying assumption that a bow-shock standoff distance remains
constant as the igniter is withdrawn. In reality the bow-shock standoff
distance would decrease with increasing ¢* and the subsequent motor total
pressure losses taken at a higher Mach number would also increase. There-
fore, if the movement of the bow-shock location were accounted for, the
agreement between experimental and modeled results would be improved.
In the absence of knowledge of the contact surface shape, it was impos sible
to calculate the bow-shock standoff distance as a function of Mach number.
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Figure 54. PR Calculated by Bow-Shock Total-Pressure-Loss Approximation

These results suggest that the foregoing may be a useful method for
modeling the onset of oscillations. However, either an experimental corre-
lation or an analytical method is needed to establish the igniter total pres-
sure loss and the constant slip-surface standoff distance. (Experimental
data exist for calculating the bow-shock standoff distance as a function of
apparent stream Mach No.) Previous sections indicated possible methods
for determining the igniter total pressure loss. Time limitations prevented
determination of a satisfactory method of calculating the slip-surface standoff
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distance. It is believed that the use of empirical correlations would be the
easiest solution to this problem.

3.3.4. 4 Analytical Model

The approach taken in attempting to develop a satisfactory analytical
model was similar to that used for the blockage models. A control volume
contained within the igniter and motor nozzles was established and solutions
of the mass and momentum conservation equations were sought in terms of
modeled boundary conditions.

The modeling study did not provide results which could be used to
quantitatively determine motor and igniter conditions which result in un-
stable operation. This failure resulted primarily from an inability to model
the flow field at the slant-area boundary. While not completely successful,
the model studies did provide considerable insight into the flow-field struc-
ture and indicated data which must be obtained to develop a successful model.

Analysis of igniter and motor nozzle flow-field studies indicated a
probable flow-field structure similar to that shown in Figure 55. A control
volume with boundaries which incorporate basic flow-field features is shown
in Figure 56. In writing generalized mass and momentum equations for the
control volume, it was assumed that the flow at boundaries can be described
by perfect gas isentropic relationships. This does not preclude shock or
viscous interactions within the control volume. It was also assumed that
heat transfer at the boundaries is negligible, that the motor and igniter total
temperatures were equal, and that both igniter and motor had identical per-
fect gas properties. All equations were written in non-dimensional form by
using the non-dimensional parameters which characterize motor and igniter
design and flow conditions.

Normal
shock

=~ Motor bow

Figure 55. Flow-Field Structure at Onset of Oscillations
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Figure 56. Control Volume at Onset of Oscillations

Conservation of momentum requires satisfaction of the non-dimensional

momentum equation:

ZFX:F1X+F2X- (F3X+F4X+F5X+F6X+F7X): 0
By suitable expression of the momentum terms at each of the boundaries, i.e.,
by use of empirical correlations and by the application of mass conservation
in the term for F < the equation FX was reduced to an equation in twec un-
known variables Mg and PR. Thus to obtain a solution for Fy =0, an
empirical correlation or model of the form Mg = h (¢®, PR) was required
to reduce the number of variables. In an attempt to find an empirical cor-
relation for the average slant-area Mach number, experimental values for
all unknowns were input into the mass-momentum equation. Also I3, was
solved as a function of M) for parametric values of PR and A;';l/A; (see
Figure 57). It was found that the minimum calculated value of Fa, was
greater than the algebraic sum of the other terms derived using experi-
mental values, i.e.,

(F3 cOSs ef)rnln = (F3x)rn1n > le + sz - (F4X+ FSX + F6X + F‘7X)

A systematic review of all assumptions used in deriving the model and
an analysis of the effects of moderate variation in the experimental error
was made. On the basis of this review, it was concluded that the as sumption
that the flow out of the control volume was normal to the slant area was the
only factor which could produce the required discrepancy in results. The
direction of the error indicated that the actual average flow angle B at the
slant area was greater than the nozzle half angle. This factor in essence
added another unknown which must be modeled or experimentally determined
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to define the slant area Mach number as a function of ¢™ and PR. .Further
parametric studies of slant-area flow models could possibly be made to
define Msl! but the postulated flow model would have to be verified by con-
firmation with visualization studies of the slant area. Some empirical cor-
relation which would adequately model the onset of oscillations could possibly
be obtained with the test results available if time permitted.
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Figure 57. Parametric Solution of Oscillation Onset Model

3,3.4.5 Oscillation Control Techniques

Tests were conducted to survey possible oscillation control techniques.
Comparison of data from these tests indicated that of the modified nozzles
the only technique which satisfactorily reduced the oscillations was the
stepped-nozzle configurations. Tests with conventional nozzles, but with
rapid termination or decay of igniter chamber pressure, demonstrated that
oscillations could also be avoided or reduced in magnitude by that method.

The general oscillation characteristic of the stepped nozzles was sim-
ilar to that of the unmodified nozzles. However, the characteristic mapping
regions were modified and amplitudes of the unstable igniter and motor
nozzle oscillations were progressively reduced with increasing step size.
Figure 58a presents mapping data for nozzle AS]l and comparative mapping
curves for Model A. Although a similarity in mapping regions exists, the
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desirable unblocked stable region is reduced for Model AS1. Mapping data
for Models AS2, AS3, A, and C are presented in Figure 58b. This mapping
indicated that the unblocked stable region is expanded for Models ASZ and
AS3. The initial unblocking comes at higher pressure ratios and the onset

of oscillations at lower pressure ratios. It is instructive to note that the
oscillation onset pressure ratios for stepped nozzles ASZ and AS3 are reduced
to values obtained for igniter Model C. The nozzle area ratio on Model C was
5.0 as compared to an area ratio at step of 2.27. This is consistent with an
analysis of data from the other models. It was observed that for a given ¢*
location the onset of oscillation occurred at increasingly lower pressure
ratios for decreasing igniter-nozzle expansion ratios. In the case of the
stepped nozzle, the effective back pressure is permitted to feed back into

the step cavity, allowing the nozzle to operate as if the step expansion ratio
was the nozzle expansion ratio. This lowering of effective expansion ratio
allows the nozzle to operate stably at higher back pressures.
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Figure 58. Operating Maps for Stepped Nozzles
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The step nozzle, particularly AS3, significantly reduced the amplitude
of the unstable and motor oscillations. Figure 22 shows data from nozzle
AS3 for ¢* = 1. 5. As indicated, the pressure oscillations are much less
severe than comparable oscillations for Model A shown in Figure 20.

Models AB1 and ABZ2 did not appreciably modify the oscillation
characteristics or mapping region relationships. For some tests, the
minor motor-nozzle pressure disturbances noted prior to the onset of
oscillations were enhanced. However, in the majority of tests with Models
AB1 and AB2, there did not appear to be any notable differences in oscil-
latory behavior as compared with that for nozzle A.

A mapping of tests for Models AB1l and AB2 (see Figure 59) indicated
results which were almost identical with those of Model A, except for
delayed initial unblocking points at e*=1.50 and 1.65. These changes
apparently resulted from modified nozzle-shock configurations due to induced
boundary layer separation.
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Figure 59. Operating Maps for Perforated Nozzles

3.3.5 Misalignment

Tests with only angular or lateral misalignment displayed character-
istic oscillations which were quite similar to those observed for comparable
aligned tests. Tests with combined angular and lateral misalignment dis-
played less stability and a tendency toward asymmetric motor- and igniter-
nozzle flow behavior. This behavior was noted for both combined misalign-
ment configurations which did not display any qualitatively dissimilar
differentiating characteristics.

Data for a lateral plus angular misalignment configuration at ¢™ = 1. 35
is shown in Figure 23. At high blocked pressure ratios, with a full-flowing
igniter nozzle, a stepped behavior of the motor nozzle pressure traces was
observed. This is characteristic of a lateral switching of the igniter jet.
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After the onset of oscillations the igniter-nozzle pressure-phase relation-
ship indicated moderately more asymmetric flow separation than the aligned
tests. Combined misalignment tests at higher ¢™ locations displayed tend-
ency toward asymmetrical igniter flow separation with increasing ¢™ values.

Misalignment did not change the mapping characteristics of the igniter
nozzles tested. Figures 60 and 61 present misaligned mapping data for
igniter nozzles A and B.
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Interpretation of the phase relationships of pressure measurements
on opposite sides of the nozzles permitted a qualitative characterization of
motor-nozzle asymmetric behavior. However, it was difficult to determine
the distributional motor-nozzle asymmetry because only two measurements
each were made in the quadrants other than the principal plane of measure-
ment. All of the nozzle pressure taps in the principal quadrant were instru-
mented along with P31, P310s P410, P312, and P412- Inretrospectit
would have been more desirable to instrument all of the pressure taps along
two opposed quadrants to define two complete pressure profiles. Definition
of the pressure distribution in the fully instrumented quadrant was possible,
but construction of a pressure profile with the two pressure taps in any other
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quadrant required considerable subjective interpretation and as such is open
to question.

Lateral, angular plus lateral, and angular minus lateral misalignment
data are presented in Figure 62 for ¢ values of 1.50 - 1.51. These data
indicate approximately the same imbalance of pressure distribution regégd-
less of misalignment configuration. The deviation from the aligned pressure
distribution was not significant. Similar conclusions can be made about the
aligned and misaligned data presented ih Figure 63 for ¢* = 1.97 - 2. 00.

3.4 DESIGN CRITERIA

The primary purpose of this program was to develop design criteria
applicable to the aft-end ignition of 260 inch (6.6 m) type of solid-propellant
rocket.motors. In this subsection the results of this program and the pre-
vious program, and the conclusions drawn therefrom, will be pres‘érl:’t_.evd
more in a general design philosophy to be used as guidelines in the design -
of a system. Although considerable experimental data have been generated
in these programs, comparable analyses have been developed sufficiently to
justify confidence in extrapolations to a large system. While it is believed
that a large system will behave in the same general fashion as the test sys-
tems, the corréctness of critical parametric values for which certain '
behavior occurs is open to question.

Nozzle

) Test Quad. e* PR Configuration
0.5 "\ O 87 100 1.51 4,47 Lat.
\ A 87 300 1.51  4.47 Lat.
g 87 100 1.50 4,52 Aligned

o N 2 l
i.0 2.0 3.0 * 4.0
Motor nozzle area ratio - A/An,

a. Lateral
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The analytical tools which have been used to correlate data and provide
insight into the flow structures involved have all been based upon inviscid,
perfect gas models. The greatest uncertainty in the interpretation and
direct application of the data of these two programs to other systems is
believed to lie in the unknown effect of the two-phase nature of a metallized
propellant exhaust upon the gas properties of the streams and especially
upon their viscous interaction. It is possible that a large proportion of
particulates in the streams could have a profound effect upon the interaction
of two opposed streams, each of which experiences severe momentum
changes during such interaction. This is believed to be the predominant
cause for the displacement of the hot-firing operating map from those of the
air tests. It is believed that the condensed phase effects will diminish for
larger systems.

In spite of these limitations, the insights into the behavior of aft-end
ignition systems gained during these two programs make it possible to
define the critical features of a satisfactory design along with a favored
approach to that design.

An ideal system for a larger conventional booster is one in which the
igniter is in action just long enough to achieve the desired ignition of the
main propellant grain and pressure rise of the motor chamber, and then is
terminated instantaneously to avoid reblocking and operation in the oscil-
lation region. These latter requirements are difficult to achieve; although
with special techniques, termination may be sufficiently rapid so that dwell
times in the oscillation region may be short enough to prevent oscillation
development. However, this reliance upon complex systems and sophisti-
cated techniques detracts from one of the main virtues of aft-end ignition,
namely, its simplicity and reliability. A more favorable approachis to
design from the standpoint that standard, reliable, state-of-the-art tech-
niques should be employed, especially in the design of the igniter propellant
grain. The system can then be designed to accommodate these standard
practices and operation, producing safer, predictable ignition and post-
ignition behavior.

3.4.1 Satisfactory Ignition

For the purpose of this report, a system which produces the fastest
possible ignition over the entire surface of the propellant grain is con-
sidered to be the ""satisfactory" system. There are many reasons why this
may not be acceptable in a very large booster (e.g., too rapid chamber pres-
sure rise, motor-case expansion, and severely transient loading of the grain
and/or upper stage structures). Therefore, it is the responsibility of the
designer of a particular motor to establish the ignition requirements of his
system and either design to the maximum or reduce the capability of the
igniter accordingly.
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As was discovered in the previous program, the fastest ignition and
chamber filling was achieved when full penetration of the motor cavity by
the igniter was accomplished. This provides for the greatest heat transfer
over the entire grain surface, and is especially important in the head-end
star region, where approximately 60 percent of the grain surface was con-
tained in the forward 20 percent of the motor length.

Maximum penetration is produced by a combination of two factors:
First, the jet must have maximum resistance to viscous erosion and dis-
sipation of its axial momentum. This is obtained with a cohesive jet having
the highest possible total pressure and jet velocity. Second, because the
purpose of the jet is to penetrate through the air cushion in the cavity, it
should have a low cross-sectional area and wholly axial flow. This latter
property also reduces the tendency for shock-wave dissipation of the jet
momentum caused by repetitive changes in cross-sectional area such as
occur with a highly underexpanded sonic jet.

A jet having these characteristics is produced by an igniter having a
high chamber pressure and expansion to near ambient pressure in a nozzle
of moderate divergence angle. Obviously, the '""goodness' of the igniter
will be limited by practical considerations. The maximum possible state-of-
the-art chamber pressure will depend on many factors, especially size of
the system and type of propellant used in the igniter. Also, as will be dis-
cussed in detail in the next subsection, care must be taken to ensure that
the igniter chamber pressure selected for best ignition will not provide un-
desirable conditions in the post-ignition period, if that igniter pressure is
held constant over the entire interval.

Selection of the size and flow rate of the igniter is a matter of deter-
mining the largest size igniter jet which will initially penetrate through the
motor throat without severely restricting the return flow through the annular
area. In the event the return flow is restricted, the jet expands, presenting
a large frontal area to the cavity dead air, and acts as a piston to compress
that ambient cold air into a zone in the head end of motor. This effectively
isolates that portion of the grain from the jet, resulting in slow surface
heatup and flame spread.

Much has been said about the maximum igniter flow-rate parameter
(':N/A;;} (see Reference 1 for a review of past work) above which the igniter
jet acts as a piston and does not produce improved ignition. This value has
been reported to be approximately 0.3 lbm/sec-in? (210.9 kg/sec-m?). It
is important to note that this limit was observed in igniters which were not
designed to produce a low cross-section, high-momentum jet without pluming
or billowing. No such limit was encountered in the previous program, even
though maximum mass flow parameter values of 0.572 lbm/sec-~in? (402. 2
kg/sec—mz) were tested. Thus, it is postulated that the critical parameter
in sizing the igniter to avoid piston-like behavior is the diameter of the
igniter jet at the motor throat, even though no significant body of knowledge
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has been compiled to support this contention. If the igniter is designed for
near -optimum expansion to produce a jet of constant diameter, then the
threshold igniter size above which the igniter performs poorly can be
described in terms of the size of the jet exit with respect to the motor

throat. Although no limiting functional relationships have been established
in the current program, a maximum value of the igniter exit diameter to
motor throat diameter of 0. 55 was tested in the previous program and found
to be entirely satisfactory. Hence it is recommended that this value be taken
as the maximum to be used for design purposes until other data to the con-
trary are generated.

There is also a lower limit of the igniter mass-flux parameter below
which ignition will not occur or below which the ignition delay will be exces-
sive. This lower limit will depend upon ignition time requirements and can-
not be established a priori for all cases.

Placement of the igniter over a moderate range of ¢* values from 1.2
to 2.0 does not cause appreciable changes in the igniter jet penetrations,
propellant grain heating, or first ignition. However, low ¢* values do reduce
the time to reach rated chamber pressure because of greater initial motor
nozzle throat blockage and corresponding higher pressurization rates. If
fast chamber filling is desired, the igniter should be placed at lowest ¢*
position consistent with post-ignition blockage and oscillation constraints.

Summary

Following are the few key rules which must be followed to design for
best penetration and ignition of a large L/D motor:

(1) Highest possible igniter chamber pressure consistent with re-
liable state-of-the-art practice and with post-ignition require-
ments.

(2) Ratio between igniter-exit and motor-throat diameters no
greater than 0. 55.

(3) Near optimum expansion of the igniter flow

(0.6 < Pie/Pambient <2.0)

(4) The igniter ¢* should be as low as possible consistent with
safe operation in the post-ignition period.

3.4.2 Post Ignition— Unblocking and Oscillations
Safe operation during the post-ignition period normally requires that

reblocking be avoided after the motor has reached design chamber pressure.
Neither should severe motor nozzle pressure oscillations be allowed to occur.
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Rebl'ocking can be avoided entirely by placing the igniter at an e greater
than the ¢ at which the final unblocking and onset of oscillation lines inter-
sect. This condition is shown in Figure 64. Thus, even if the igniter fails
to perform properly during the lift-off or separation of igniter and motor,
the motor throat will not reblock in Mode B.

12

10 |-

Hot Firing Tests

bR |

Figure 64. ILocus of States for Safe Operation and Withdrawal

The oscillations between Mode A and Mode B flow structure can be
avoided by operating at PR values above the onset of oscillation lines. Also,
the use of a slotted or stepped igniter nozzle significantly reduces both the
amplitude of the oscillations and the span of pressure ratios over which they
exist., DBoth means are recommended for most reliable control. Itis doubtful
that termination of the igniter action c¢an be sufficiently fast and positive to
ensure that no oscillations will occur, although it may prove to be desirable
in some instances, in combination with the slotted nozzle.

Proper tailoring of the igniter grain design can produce a wide range
of pressure-time curves. Selection of the best igniter action should depend,
to a large degree, on the confidence of the designer in designing a reliable,
reproducible schedule of igniter chamber pressure and flow.

The most favorable igniter action is one which produces the PR —¢™
withdrawal locus labeled A in Figure 64. This provides a comfortable
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margin of safety with respect to the onset of oscillations, while also reduc-
ing the interfering effects on the main flow of the igniter flow, and the pres-
sure integral on the nozzle wall caused by the shock wave impingment.
Reduction of the shock wave pressure on the nozzle is most important at

the instant the shock wave intersection with the nozzle wall passes the exit
at some point around the periphery of the exit. Because the motor and
igniter may no longer be perfectly aligned, and because of slight asymmetry
of the bow-shock, a substantial nozzle side force may exist momentarily,
until the shock impingment has ceased altogether. Successful use of this
technique requires a precisé match of the igniter action and motor lift-off,
and may be difficult to achieve. The designer will have to trade the reduc-
tion of asymmetric nozzle loads with precise tailoring (Curve A) against the
the overall increased reliability with the approach resulting in Curve B. The
latter ensures that neither reblocking (in either Mode A or Mode B) nor
oscillations will occur.

3.4.3 Example Problem

The following example is included to illustrate a way in which the critical .

aft-end igniter design parameters may be selected. The sample system is
described as follows:

(1) Motor design pressuré - 500 psi (3.475 MN/m?)

(2) Motor- and igniter-propellant exhaust-gas properties similar
to those of previous hot firings,

i

% 1.18

MW = 27.86

Total temp. = 5980°R (3320°K)
(3) Igniter chamber pressure is constant after initial rise.

(4) System operating map is identical to that for hot firing from
previous program (Figure 65).

(5) Unrestrained launch vehicle; thrust/weight (T /W) at lift-off = 1.4

From Figure 65, values of 1.8 and 5.5 for ¢* and PR are selected as being
satisfactory for safe post-ignition operation. Then

P? = 500.5.5 = 2750 psia (18.960 MN/m?)

D; = 0.55 (Dy, )
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for
Pe, = 2.0 atm (0.202 MN/m?)

Pe,/Pjo = 0.0117

sl
>R

Al Ay

= 11.40

then

1.

wi/Am™ = 0.377 1b_/sec-in? (265,053 kg/set-m?)

This will provide good penetration into the motor cavity (approximately 9
igniter -nozzle diameters, according to the data of Reference 1). Referring
to the locus of states of Figure 65, it can be seen that the motor throat will
initially unblock at a PR of 8.9, or motor chamber pressure of 309 psia

(2. 13 MN/mZ), 62 percent of design chamber pressure. For a design
launch T/W of 1.4, assuming that thrust is proportional to chamber pres-
sure, the vehicle begins to lift at a chamber pressure of 357 psia,(2.461
MN/m?2) or at a PR of 7. 7. Because of the increased nozzle pressure pro-
duced by the igniter, thrust will probably be higher, and lift-off slightly
sooner. Depending upon the chamber pressure rise and vehicle acceleration,
the locus will be generally as shown, with PR decreasing to its steady-state
value of 5.5 as ¢* increases due to lift-off.

12
10 |
i Unblocking
8 I
Liftoff
PR ‘
\ .
6 \\ Design chamber pressure
S -
-Design point
4 -
2 -
0 L A 1 1 1 I A 1
1:0 1.2 1.4 1.6 1.8 2.0 22 2.4 2.6 2.8

Figure 65. Example Problem for Post-Ignition Operation
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For motors having high chamber pressure, e.g. 1000 psia (6.895
MN/mZ), the above technique may fail. Generation of a PR of 5.5 in this
circumstance, based upon design motor chamber pressure, is not feasible.
In this event, it may be necessary to place the igniter at an ¢* greater
than 2.0, and terminate igniter action quickly, possibly before lift-off.

All of the above discussion presupposes the existence of a valid
operating map. Before undertaking the preliminary design of a system,
it is advisable to conduct a minimum of two tests of a subscale configu-
ration with the propellant of the full-scale system. Test at ¢* values of
1.6 and 2.0 will probably be sufficient to determine the location of the lines
of initial unblocking and onset of oscillations, as well as the severity of the
oscillations. It is emphasized that these tests must be performed with high-
frequency-response instrumentation.
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4.0 CONCLUSIONS

Experimental and analytical studies were conducted to investigate aft-
end igniter- and motor-nozzle oscillation and blockage behavior during the
post-ignition period. Significant results of the study included:

(1) Characterization of igniter- and motor-nozzle flow interactions.

(2) Definition of techniques which can be used to avoid or suppress
dangerous motor-nozzle pressure oscillations.

(3) Determination of igniter-nozzle misalignment effects.

(4) Determination of nozzle interactions at the aftward igniter loca-
tions encountered during booster lift-off.

(5) Development of models which can be used to approximate the
critical design and position parameters at initial and final
motor-nozzle unblocking.

(6) Establishment of general guidelines for successful aft-end
igniter design and placement.

The following paragraphs present conclusions pertaining to each of the
above results:

4.1 CHARACTERIZATION OF NOZZLE INTERACTIONS

The aft-end cold-flow experiments indicated blockage and oscillatory
behavior similar to that in the solid-propellant motor tests. For a given
design configuration, the blocking and oscillation events can be mapped by
using the two principal design and placement variables, i.e., igniter to
motor chamber pressure ratio (PR) and igniter position. The relationship
of - these mapped events is defined by the constraining motor-nozzle flow and
by subsequent operation of the overexpanded igniter in or between two basic
modes (Mode A or Mode B). Mode A is characterized by a stable multiple-
igniter-shock structure with a high total pressure loss and relatively small
penetration distance. Mode B is characterized by an unstable single-shock
or subsonic-flow structure with a low total pressure loss and a relatively
large penetration distance. The first or initial unblocking (choking) of the
motor nozzle throat at high PR's always occurs with the igniter operating
in Mode A. Reblocking at low and intermediate ¢* values occurs when the
igniter transitions to Mode B operation. Final unblocking occurs when the
igniter is operating in Mode B. The large-amplitude nozzle-pressure oscil-
lations are caused by transient operation of the igniter flow between Mode A
and Mode B structures.
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4.2 OSCILLATION CONTROL

Motor -nozzle blockage and oscillations can be avoided by proper selec-
tion and control of the PR and by proper igniter placement. Alternatively,
the oscillations can be suppressed by use of an igniter nozzle with a step cut
into the exit cone. Use of the latter technique should be made with caution,
since the effect of the step upon ignition is unknown.

4.3 MISALIGNMENT AND LIFT-OFF

Misalignment of the igniter does not change the blockage and oscil-
latory mapping characteristic if lateral misalignment is limited to 3 percent

of the motor-throat diameter, and the angular component is kept below 1. 5°
(0.0262 rad).

At high ¢™ values representative of lift-off, the motor-nozzle oscil-
lations are greatly attenuated. The region (PR vs ¢™) of stable unblocked
flow at these higher ¢™ values is greatly increased.

4.4 ANALYTICAL MODELS

The initial unblocking model provides a close prediction of the initial
unblocking PR and ¢* for all air models with nozzle-expansion ratios of
7.0:1 and less. At higher expansion ratios, neither the air nor live pro-
pellant correlations were adequate. Hot-firing data at low expansion ratios
were not available to assess the validity of the initial unblocking analysis
at these conditions. The final unblocking model presents a conservative
prediction of the PR and ¢* values at final unblocking for all models and
the solid-propellant test data. Efforts to develop an oscillation onset model
were not successful, although the significance of the bow-shock total pressure
loss was established. Critical areas requiring further work were identified.

4.5 DESIGN GUIDELINES

Critical features of the blockage and oscillation operating map should
be experimentally established before final igniter design and placement details
are selected. For fast ignition the igniter chamber pressure should be maxi-
mized within blockage and oscillation constraints and the igniter nozzle expan-
sion ratio should be selected to give near-ambient pressure at the exit. The
igniter should be located at a high enough ¢* value so that reblocking in
Mode B will not occur.
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APPENDIX
INITIAL UNBLOCKING ANALYSIS
A, Objective

The purpose of the analysis and computer program is to predict the
igniter-motor chamber pressure ratio (PR) at which the main motor throat
becomes choked or unblocked in Mode A flow. From examination of the
experimental data, it is concluded that, for e* values above some lower
limit, the motor throat plane is not penetrated or disturbed by the igniter
jet at initial unblocking. The boundary of the reversing igniter jet causes
a constriction of the main flow against the nozzle wall, resulting in a
secondary throat which is choked or sonic. In the normal course of a
decreasing PR, the unblocking event occurs when the area of the secondary
throat increases sufficiently to allow the main throat to choke or decouple
from the downstream interactions. It can be assumed that losses in total
pressure between the main throat and secondary throat are negligible.
Thus the two throats must be equal in area at the instant of unblocking.

This is the major supposition upon which the initial unblocking anal-
ysis is based. The model attempts to reconstruct the structure of the fully
flowing igniter jet in its shock adjustment to the total pressure of the main
stream, in the lateral expansion or compression of the jet to adjust to the
cavity pressure, and in the subsequent subsonic turn of the jet which pro-
duces the second constriction of the main flow equal to its critical area.

B. Analytical Development

The control volume of the analysis is shown in Figure 66. The origin
of the x-y coordinate system is located at the intersection of the projected
nozzle wall and the system centerline, although the coordinates are some-
times transformed for convenience.

The major assumptions upon which the analysis is based are as follows:
(1) Both streams are adiabatic and behave as perfect gases.
(2) The flows are inviscid.
(3) The streams experience no total pressure losses and obey
isentropic relations except that the igniter flow undergoes
one normal shock which has a total pressure ratio equal to

PR, the ratio between igniter and motor chamber (total)
pressures.




(4) Downstream of the igniter normal shock, the flows in the
motor nozzle, whether they mix to some degree or remain
completely separate, are at a uniform total pressure which
is equal to motor chamber total pressure.

(5) The nozzle wall pressure between main and secondary throat
is uniformly equal to motor critical pressure.

(6) The igniter jet obeys one-dimensional isentropic relations
up to the jet exit, from whence it issues as source or radial
flow.

(7) Even though the jet Mach number, in fact, may vary along the
normal shock because of the effects of the oblique expansion
or compression waves from the jet exit, the total pressure
behind the shock is everywhere equal to that on the center-
line or stagnation streamline.

(8) At the secondary throat, the flow passes through a sonic point,
so that the derivative of the flow area with respect to flow
direction is zero. Therefore, the flow streamlines at that
sonic surface only are assumed to follow a family of hyper-
bolas which have the property that the flow area between two
adjacent hyperboloids of revolution is everywhere equal.

-‘—-Xsh—-ﬁ

m shock wave

M=1
M P = P¥
Sonic surface, S,
e P=PX
%

origin

Figure 66. Schematic of Analytical Flow Field
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The structure of the igniter jet downstream of its exit was modeled
after the observations of Charwatll of the interactions between jets and
opposed supersonic streams. The normal shock was seen to be planar out
to a radius approximately equal to the jet exit radius. From that point it
swept around a near circular arc, with center of the arc at the jet exit lip.
It was so modeled in this analysis. Charwat's analysis indicated that the
subsonic turn of the jet boundary behind the shock was of zero radius of
curvature. However, provision was included in the program for specifying
a finite radius on the boundary turn.

Calculation Procedure

(1) A table of areas is constructed by numerically summing the
normal cross-sectional flow area between the main nozzle cone
and a family of hyperboloids of revolution about the x-axis,
having the equation

v = tan en(x2 —az) (A-1)

The summation proceeds from the wall inward, with a
increasing from zero by a specified increment. Each
incremental area between two hyperboloids is calculated
as the surface of a truncated cone, and added to the pre-
vious total.

(2) A series of geometric parameters is calculated, based
upon the input geometry and input ¢*.

(3) A trial value of PR is selected and the normal shock Mach
number is calculated by iteration of the relation

v/ (y-1) 1/(v-1)
1/PR = Y"‘l Msh y+1 (A-2)
+2 2yM )

(4) The area ratio (Ash/Aie) of the shock wave is calculated
from the one-dimensional isentropic relation, and the shock
standoff distance is determined from the source flow
relationship:

Xgh = [rie ((Ash/Aie>% - cos B; )/sin ei]x

where xg}h is an input parametric multiplier used to evaluate
the effect of shock standoff distance.
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(5) A trial value of the cavity pressure, P}, is selected; the
edge turn of the jet boundary is calculated from the Prandtl-
Meyer relations; the intersection of the shock wave and the
boundary and the following boundary radius turn is determined.

(6) The value a is determined for the hyperbola which is tangent
to the boundary circular arc, and the value of the area Ag is
determined by interpolation of the stored table of Ag vs a.

Ag is then compared with the sonic area of the combined flows:

2
Agonic = T (r%nt + PR - Tiy > (A-3)

A new value of Py is selected and steps (5) and (6) are

repeated until the combined flow is just choked when Ag

equals Ag pic-

(7) The stream impulse function across the secondary sonic
throat is calculated from

P. (1+y) rn
F_ = [ . mpo jé cos 6 dAs:’xmf (A-4)
m

where dAg is the conical surface area between two adjacent
hyperbolas and x,f is a2 multiplying factor less than 1.0
used to adjust the momentum balance.

(8) A new value of Py is calculated from the momentum balance
of the control volume:

Py (Aé"Aie)~F CE (A-5)
5o TYTATEB T FfCc T fD
m
where
1
P Am | +v)
Fj =
PO
m
; 2
P (L+v)m (Y = tm)
B (A-6)
Fg
PO
m
2
P; Ay (I+y M)
Fo=_°% ©
D
PO
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(9) The values of Py, one calculated from the jet expansion or
compression and one calculated from the momentum equation,
are compared and steps (3) through (9) are repeated until the
two are equal. The PR which satisfies this condition is the
solution value.

Program Input and Output

The program input is simple, and provides for the generation of a
set of parametric data.

Card 1

Dmt: em: Dit’ eii Di s M Y

b’ “lguess’

Card 2

Indicator integers M, J, KK, L= 9

Cards 3 and 4

M values of ¢*
M values of estimated PR values corresponding to the ¢* values.

Card 5

J values of the radius, R, of the subsonic turn of the igniter
jet boundary.

Card 6

KK values of Xgfs the shock standoff-distance factor.

Card 7

L values of xpnf, the secondary-throat impulse-function factor.

The program calculates through four DO loops, in the following order:

(M times)
o
X1 f (J times)

xgf (KK times)

y | R (L times)
"
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The output data consists of the input set of Card 1, the table of the annular
areas between the nozzle wall and the hyperboloids of revolution, and for
each separate case are printed 40 geometric and gasdynamical parameters.

D. Validity of the Analysis

The analysis agrees well with the experimental results for air igniter
expansion ratios equal to or less than 7, for the following factors:

R =0.1 Die
xgf = 1.5

At higher expansion ratios for both air and live propellant exhaust the agree-
ment is not satisfactory. The only parameter which appears to improve the
agreement is the shock standoff factor, indicating that perhaps the assumption
of source flow or the structure of the shock shape are not correct for the
higher igniter expansion ratios. In the absence of flow visualization of the
interactions there seems to be no way in which these factors may be evaluated.

It is known that the presence of condensed phases in a gas stream can
have a profound effect upon the behavior of the stream, especially one which
experiences severe streamwise and transverse momentum changes. It is
therefore expected that the analysis is less valid for a multiphase stream
than for a pure gas, although the overall effect of the condensed phase should
diminish as the size of the system increases.
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SYMBOLS

Hyperbola intercept on x-axis

Area

Diameter

Stream impulse function
Normalized stream impulse function
Mach number

Molecular weight

Pressure

Igniter chamber pressure/motor chamber pressure

Radius

Radius of subsonic jet boundary turn
Secondary throat surface

Time

Temperature

Mass flow rate

Axial distance

Multiplying factor on momentum term
Multiplying factor on shock standoff distance
Lateral or radial distance

Normalized bow shock standoff distance
Nozzle expansion ratio

Igniter placement parameter

Ideal gas ratio of specific heats

Nozzle half-angle

Flow direction angle

Sup erscripts

(o]

Flow critical (sonic) conditions
Stagnation

Subscripts

Annulus

Conditions before and after shock wave
Igniter base cavity

Nozzle exit

Flow

Igniter

Motor
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SYMBOLS (concluded)

Subscripts (concluded)

W

Nozzle

Nominal

Start of time sequence
Secondary throat surface
Shock wave

Slant area

Nozzle throat

Wall
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